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Absfrect—~A suh cm precision local positioning sy=tem with a
high update rate i= proposed. This precision is possible becouse
thi hizh bandwidth that is available on &0 GHez. Tking o CFIN
based modulation scheme o very efficient ToA estimalor can be
made. Commercial CHMOS technologies smaller than 40nm enahle
thie nse of mm-wave in & cost efficient moanner. Tws profotype
ASICs have been made to implement the receiver which also
includes o high speed analeg o digital converter. The second
ASIC implements the transmitter, it contairs the modolater and
power amplifier. To enable processing at the required updare
riates the algorithms for ToA estimafion and localization are
implemented on on FINGA.

feder Terms—Indoor localization. posifioning, mm-vwave, asic

desipn, fpga .
[ [MTRODUCTION

]“gh pn:\-:i:-.i-::-n and last pl.miliuning are gl.'1lin.|_.1 e imrl-::-r'-
tant hocouse l|1-\.':|-' enable the wse of oulcnomous wehicles and
awrcrafls 1n indeor environments. These guided vehicles needs
a high accumbe system to be able b navigate in small corndors,
An other example of a system where 2 high accurmey 15 very
impertant, 1= when an industral mobot needs o do some kind
of mechanical opembicn. This can go from welding of large
tubes iogether or sanding entine blades of windmills.

The envisicned indoor positioning system 15 shown tn Fig.
1. A range-based posibioming technique, meltlateration, s
employed to estmate the position of the mokide 1ag, with
respect b the known basestation (B5) posibons. Using the
rmnging signal tmnsmitted by the tag, esch BS calculsies s
mnge o the g, The precision and the wpdate mbe of the
systen 1= improved by considenng both the algonthmic and
the hardware componenis of the system. Fimstly, complex ToA
ezbimation and mulblatersticn algonthms are employed, 1o
arder 1o achieve a high positioming precision. Moreover, esh-
maticn precision 15 improved by inensising signal frequency
and bandwidih. However, bypcally, processing high frequency
signals with sophisticaied algonthms 1= computation-inlensive,
so mproving lhe extimation precision may decreaise the update
rabe. Secondly, the design constrmnts and difhculbies on the
hardware components of a practical system lmit the achiey-
able positioning precision. Therefore, design of the hardware
componenis 15 consicdensd together wath the algonthms, in
order 10 achieve a fast and precise posibomng system.

This paper explains and verifies the design sirategies to
build a fast and sub cm precise indoor posiboning sy=tem. The
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componenis of the complete sysbem are studied individually.
In Scction [, a fast mulblalembon implementzation for locl-
tration 1= inboduced. [n Secticn 1 a rmnging algonthm, which
achieves quas the fundamental precision bound (Cramér Rao
Lower Bound) 15 introduced. The sechion also expluns the
basics of the inteduced mpging algonibm and the mnging
signal. An overview on the hardwaire componenis of the system
s given in Secticn I, Fimst, the basestation which includes the
6l GHz wide-band receiver 15 desenbed. Sccondly, the basic
struciure of the transmitter 15 explained. These components
are nbegrated and the performance of the posthoning system
built 15 given in Section %, However a loss of precimion in the
final sysbem may oocur, The reasons of the precision loss and
solubons are alss discussed 1o the same section. Finally the
paper 1= concluded in Section YL

[1. Locarizaros

To achieve the required 1 kHx update mie, the multilaters-
tion process thal computes a 30 pesibion from four or more
arrval bomes muost ke execuiled 0 1 millisecond or less. [n
thi= time, a set of at leasi four non-linear equations noeds
b be solved termbively. A pamllel implementation on FPGA
ha=z been used to meet these challenging requirements. The
computation of 313 posthons relies on accurabe knowledge of
the posibions and bme offscis of the anchors. An accurate
sysbern calibmbion procedure has been developed to obiain
these values Practical use ol a 30 localization sy=lom n:\-'_|uin|.'.-:
the u\-ui|'.|]'li|i1:.- al’ u.pp“..':lli-::-n and u-::-nl'lgl.u-.lli-::n inberfnces, A
simple version of these interfaces has been developed for
lll.'.‘ilil'l.l_.'., and walidaticn PLIPO S,
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Fig. = Muldlaeadon & implemented on a Xilims MLG0S FPGA boad.
I achisves an updape mie of 1 kHz and can fandle op o 32 anchars. A
Mlcroblaze processor handless UDFP inpur ard ompue dea and rins o wehb
Inieriace lor confgumion.

A, FPGA-ERased malithderatior

In essence, multlaterabion computes the four wnknowns
(x.y, z. ¢ from a system of four or more pon-linear equations,
one per anchor, that bk the armval tme o the distance
betwooen the 1ag and an anchor with the time of emission, [F the
arnwal bome for anchor @ at {x, ge, wi) 1= &, the cormesponding
et — )2

where © 1s the speed of hght [F there are more than four

pquation is [r— i) 4 (g —pi)E 4z —2)®

anchors, the system of equations 15 overdetermined and a
least squarss approximabon 1= used. [1] In geneml, this set
ol equations has multuple solubions. Sclutions wath & < #
are non-cansal and can ke eliminated. Stll, more than one
solubon may remain feasble. The equations are solved 1o
an terative process that 15 Likely 1o comerge to the solution
that 1= closest o the inibal condibons. To solve the set of
nonlincar equations, the best resulis were obtaned by wsing
an algonthm kased on singular value decomposition (SW1
A parallel implementabon of this algonthm s the core of our
FPGA design. The mulblaterbion algonithm 15 implemented
on @ Ahine MLGOS FPGA board (Figure 210 A Microblaee
processor on the same FPOA handles all UDP mesages
t and From localization and implements a web anberface
for configurabion, The core FPGA implementation 1s able to
compute more than 1000 locations per second, with wp to
34 gterabions por location, assuming Four anchors. Usaally,
34 tbembions 15 more than cnovgh b achiewe convergence;
typically, les than 10 termtions sufbice. Compulation tme 15
linzar with the number of basestabions, with a constant offzet.

111, BamcixG

The lower limit of rnging precision 15 delined by the
standard deviation of the rnge estimation eror. This mnge
ezbimaticn error, o is delfined by

3
=2 T SNR [{,r,. | {S]ﬂ Rl {:’r]!]

where T 15 the duration, SMR 15 the signal o polse power ratio,
S 15 the carner frequency and s the effectve bandwadih [2]

oo ik

o =

ol the mnging =signal [3]. With more than 6 GHz unlicensed
available bandwadih, the 60 GHz [SM band 15 a very benelicial
candidate for a high precision ranging system, becouse [
and I hawe a stronger infuence on the estimation precision
according o the CRLK.

However, bwo implementation related challenges anse when
designing such a ranging system: 1. high precision baseband
signal processing 15 compuiabionally expensive, 2. mesting the
design consirants for mm-wave 10 components 15 complex.
These two challenges are mckled with an implementation-
centne mange esbmation algonthm and a hardware-algonibm
co-designed mnging =ignal.

A, Sgnal

The effective bandwidth of an OFDM =mignal approaches
tor 1= passband bandwidith as the mumber of the sub-carners
icreascs. The ranging symbaol 15

.
=it ) (E .n'i'ﬂ:lr.i']'.“_.;.l.lnf:') exp By £0) (2

m=1

where i = 27 [ 15 the sub-carner frequency and A=) 15 the
ranging word. wy s selecbed 10 inerease the efhciency of the
TX. by avoiding the porwer hungry baseband signal generation
blocks such as DAL and IFFT. Moreover, A(n) 15 chosen 1o
minimize PAPR {Poak-io-Average Poweer Ratiol, so that the
lincanty consimunts of the PA de=ign 15 relaxed as shown in

[4].

B. Algorithm

The algemithm 15 divided ok three sleps as showen in [5].
The frst sbep 15 @ coarse symbol synchromzation so that the
seoond step can align the FET which means no samples from
an cther symbol are processed. Also it provides a very coarse
ToA estmation. This synchronization 1s tmplemented wath a
shiding-window correlotion methed expluned in [6]. To wse
thi= method the signal must be a sequence of a ranging symbaol
and 1= inverse.

The second step reflines the coarse estimation. 11 wses the
phazes of the sub-coarriers o estimate a better time of arrval.
The phases are caleulated of each sub-carnier in the frequency
domain with an FFT. Afer the phases are known, o fiest
eztimation of T can be made with the slope of the w versus @
line. This s possible becavse of the linear relationship bebween
the phase @ and the frequency o, where & 15 the phase of the

sub-carner
Y
This estimation can be further improved 0 the final step by
introducing the camrier phase information ok at.
[V, HarpwarE
A, Pasestation

The bazesimbon contains a &0 GHz front-end. high-speed
A and the necessary conirol boards o drive the ADC and

[T'::lﬂl."l.'l.'ld-
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Fig. 3. Pasesmilon wich e 60 GHz ron-end. ADC and provessing, module

For the basestation an ASIC was designed in 40 om CMOS
which incorporates a 60 GHz front-end and a high-speed ADC.
The fromi-end consists out of an LMA, quadrature mixer with
buili-in wide band phase shifter and baseband amphibers. The
high-speed ADC 15 based on 3 bme bo digital comverter wath
a voltage controllable nng oscillator [7]. Afler each vanable
delay element, a sample circuit 15 placed. This cincuat will
sample the siate of this nng oscillator at bxed inlecvals. The
output of the sample circuit 15 thermometer coded walue which
will be converled to a binary value. The difference between the
binary vialues of two sample moments has a hinear relaticnship
with the 1nput voliage. [n order to limit high-speed 100 foom
the ADC chip an on-chip mm buffer 1= added. This buffer can
conlain 32768 samples of [ and () data.

Because of startup problems in the YOO, the front-end part
af the ASIC 150"t used 1n the fnal system and an off the
shell front-end 1= wsed instead. For this commencial front-
end a pnnled cirewit board was designed which included
the recuired support circuily o deliver the cormect clock and
power supplics. The package of the front-end included an
in package antenna which gases the integmbon because no
60 GHz transmission line should be designed. Alse the front-
end include the requined oscillator and PLL blocks o generate
an accurate and stable 1OV signal to the mizers.

|"ig.—'1- shows = high level overview of the basestation. Ta
conirel the custom ADC, o few support boards have been
dl.'s.ignl.'d. These boards include connections to the FPGA
medule which runs the :||g|.1ril|'|rn. Also the FPOA 15 connected
tex an embedded PrCsCEsEnr module which 15 vsed 1o contral the
entire basestation, The procossor alss inbalizes the cuslom
AT and the &) GHe front-end. After the basestation has
received 2 wircless Frame, 11 compules a Tok value and sends
it ower an Ethermet network o the master which in ats tum

runs the localization '.||E-::-ri1|'|m.

In the measurement soibup bwo signals were distobubed to
the kasestations. (ne of them s a 10 MHz re-fence cleck for
the G0 Gz front-end, the other one 15 a pulse ran for the
AL This pulse tmin contains exactly 32768 pulses, one for
each burst. At ab sample rate of 2 GAPS the maximum burst
length 1= only 16 us, According o the CRLE this 15 encugh to
gel sub em ranging accuracies. Due to a lack of samples of the
high speed ADC ASIC in some basesizticns thes=e chips are
replaced wath high bandwidih oscilloscopes that ane triggered
on the 2 GHe pulse trin.

Fig. 4. Overview of the basestaton, with the v moduke. fpga medule,
troniend and cusiom ADC ASIC

Fig. 5. Telobile tag transmier o Chip achiisciues; b Packaging on alumimm
subsirmie; . Tag Eomrype assembly.

B Tag

An ASIC has been designed for power efficient & GHz-wide
ranging signal generaticn in the 60 GHz band [4]. The de=ign
s implemented in o 40 nm CMOS geperl purpose process.

The trunzmitter archilecture s shown o Fig 5. In the
baschand part, a mnging signal comprising of 16 subcarners
are generaled from a 3 GHz sinewave anput as mentioned 1n
section [I-A. The signal generation consists of the frequency
division-based subcarrier generation and the periodic phase
imversicon. Furthermore, in the mmewove part, the baseband
subcarriers arg upconverled and amplified by the upconveriors
and a PA_ In the baschand part, 16 subcarners are generabed
az prescribod o [-A by means of successive frequency
division from a 3 GHz sinewave input. The phase of these
subcarriers are then inverted by 1B every three pencds of the
lowvest subcarriers for synchronization at the recciver. Symbaol
selection 15 also camied oul 1o reduce the PAPR (Peak-to-
Average Power Hatic) o0 3 dB from 2 maximum of T dB,
enabling efficient opemtion of the power amplifier (P& as
shown 1 [4].

For system integration, the chip i= packaged on a 2504me-
thick alumina substrate with bondwine inlerconnects. The as-
sembly shown an Fig. 5.k s implemented to minimize the bond-
wire length. For the 60 GHz signal line, trmnsibion networks are
designed based on bondwire inductance compensation princi-
ple. CPWs (Coplanar Waveguide) are selected as ransmizsion
ling to enszure ground contimuiy between the chip imnsiiion
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side and the 1.85mm Scuthwest connector side. The cveral]
prototype 15 shown i Fig5e. An ommdirectional antenna
s employed, interfaced with o 185 mm-WR15 adapior. An

external PA can also be inserted 1o cover larger distance.

. Rewselis

With an implemeniabion-centric mnge estimation algonihm
and constmiching a custom rnging signal, the demign oon-
strmints for the custom ASICs are relaxed. Integration of
algonthm-signal-hardware 15 bested on the RX and the TX
sides soparately o prove the high precision mnging concepis
dezcnbed in Section 111

On the RX side, achieving mm-level precision wath very
wideband signals on a & GHe carner 15 proven by varyang
signal durabion messuwremenis in [T]. The measurements wath
the mnging recerver and an ideal imnsmiier showe that, 1. low
SNR at the 60 (iHx band can be compensated by inereasing
the signal durabion and 2. mm-level precision = achievable
with sufficiently wide signal bandwidih and long dursiion as
depicted by the CRLE.

The TX measurements i [4] achieve 1.7 mm average pre-
cision in (-5 m distance. The measurements confirm that
the signal genermbon concepts, namely sub-carner generabion
by means of dividing a reference clock and signal coding for
PAPE reduchion, are smimble for a high precision posibicning
sysben, becauss the piter inboduced by the divider chain an
basshand signal genembon and PA impaimmenis are minor
encugh b maintin mm-level precision.

V. INTEGRATION

Figure & shows the locations of the basesiabions and two
tags denoted by a big star and a big circle. 20 measuremenis
are collected at each g positions and the position estimabions
are shown with small skrs and circles. It 1= clearly seen that
the estimations in the Figure are far away from the neml tag
postbions. Hewewer, they are not randomly distributed in the
measurement area, which means there are two problems in
the hybnd sy=tem related o the rmnging pecformance, namely
busesiation postiioning and unforeseen offscts.

A big problem is related o the synchronimtion loss between
the basestzticns. [t has been confirmed that due to the random

inbemal delay=s of the oscilloscopes used for positiomng,
the hasestations are mot syochromzed. The tnggers 10 those
oscilloscopes are pol sample accurate. For the mm-precise
posiboning system, the Arsl sample of each basesmticn ATDC
should happen on the same disinbuted clock edge. A method
tx do this 1s putbing the synchromzation pulse on the amplitude
af the maun clock. This change in amphitude of the clock signal
is then the moment where the ADC in the basestation needs
tx starl sampling. This methode ensures that thers 1sn't any
time delay between the clock signal and the synchmonization
pulse and prevents sctup and bold bme problems. This ensures
that the basestaticn s going b sample at the comect clock
transiticn.

Also there are errors in the memsurements of the stabe
delay in the cables which disinbute the sampling clock and
svnchromization and componenis of the basestabion. This eomar
is statie and doesn't change iof the tag 15 moved. These errors
will inbeduce a posibon offsel that can actually be calibrated
out, with sufficient calibmbon data. Heewever, calibration s
usually a difficult process =ince the calibration data needs 10 ke
mere aceurale than the aimed system perfoormance. Therefore,
calibrabion Fecomes labor and computation expensive. This
problem s inherent o this bype of measurement bocause the
clock and synchromization signal are the man reference.

W1 Concrusion

A high precision and Fast positbiomng system 1= feasible with
the proposed technigques. As shovwn sub cm mnging 15 possible
with both the BX and TX. The mnging algomthm is sufficiently
fast enough 1o process the data and estimates ToA's. The
singular valuve decomposibon engine For the lochzabion ooly
necds a fiew iteraticns and vpdate mere than 1000 locations per
second. The main isswes of localizabion systems Lie in the syn-
chromzation and calibration. Without a good synchrmonization
no good localizabion measurements can be made. The system
a0t tolerant b mrdom delay on the clock and synchrmonization
distnbution. The synchronizmbon problems can be solved by
using an ADC that 1= directly clocked by the clock distnbution
or adapting the bme of amival to a ttme of fight system. The
latter wall remove any sypchronization problems.
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