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Abstract—This paper describes non-coherent Deeply Coupled urban environments as the number of satellites in view and
GPSIINS integration in a pedestrian navigation system to improve therefore the available satellite constellation changes often.
position accuracy and availability in weak signal conditions. The system presented in this paper is capable of using
A pedestrian navigation system consists of several sensors to . o
calculate a position of a person to guide for example rescue GPS_ measurements under_v_veak signal and't'ons and makes
missions. The system presented in this paper consists of a torsoP0ssible a seamless transition between indoor and outdoor
mounted IMU and is used for step detection and step length and areas. To achieve a smooth transition the GPS measurements

heading estimation. Additionally a barometer, magnetometer and have to be weighted carefully by a robust carrier to noise
a GPS sensor for absolute positioning are used. Since pedestrian(C/NO) estimation

navigation systems often are used in challenging environments . . .
like urban canyons or indoors, the use of GPS signals is often In this work we will describe how a Deeply Coupled

restricted. We will show that by using a Deeply Coupled GPS/INS GPS/INS System can be extended by using pedestrian dead
integration system, tracking of GPS signals under weak signal reckoning to further improve the navigation solution. This

conditions is possible and a seamless transition between Indoorjnformation is generated by a torso mounted pedestrian naviga-

and outdoor situations is achieved. By applying the information i, system: A torso-mounted inertial measurement unit (IMU)
of a position displacement between two steps from the step length .

and heading estimation GPS tracking and position accuracy can S USed for step detection and step length estimation and in
be increased. combination with a magnetic sensor, heading is calculated. The

For an optimal performance the system uses a deeply acqui- combination of heading and step length yields a 2D polygon
sition and re-acq_uisition routine. Therefore addit_ional satellites  which can be used in a navigation filter as a delta position
can be used which could not have been acquired before, duemeasyrement, sometimes called step length update (SLU). The

to low signal to noise ratios. By carefully weighting the GPS Lo . .
measurements accordingly to theirC' /N, and having a larger set sensor fusion is realized by an error state kalman filter (EKF)

of satellites available, position accuracy is increased compared @nd for an adequate processing of the step length updates a
to a non-vector tracking approach. The sensor fusion itself is state cloning technique is used.
realized in an error state space kalman filter and the step length In the first part (section Il) of this paper the Deeply
update is performed using a state cloning technique preserving coypled GPS/INS System is described. In section Il the
realistic position uncertainties in the filter. - Deeply Coupled GPS/INS System is extended to a Deeply

With this approach tracking and acquisition of GPS signals . S .
inside buildings with C'/N, below 20dBHz is possible. In this Coupled GPS/PN System (Pedestrian Navigation) using SLUs.
paper we will show that using deep integration in GPS signal In section IV implementation details are described, including
tracking including step length estimations increases position the software-defined-radio (SDR) GNSS receiver platform,
accuracy of a pedestrian navigation system and availability of g) y estimation and deeply acquisition and re-acquisition of
GPS position updates GPS signals. In the last section the results of this work are

. INTRODUCTION shown.

A Deeply Coupled GPS/INS System can be described Il. DEEPLY COUPLED GPS/INS
as a coupling of signal tracking of single GPS receiver When using a GPS receiver position and velocity infor-
channels through a position, velocity and timing solutiomation are available, but the attitude is unknown (single
with simultaneous support of the navigation solution witePS receiver). By combining GPS and IMU the attitude in
dynamic information of an inertial navigation system. Théhe system model is observable and attitude errors can be
signal tracking of each satellite benefits on below the otheorrected. Additionally continuity and availability is improved.
and is improved by the complementary characteristics ®here are improved receiver technologies called high sen-
inertial sensors. Complementary characteristics are detectsitivity receivers which are capable of calculating position
of highly dynamic movements, continuous availability andolutions under weak signal conditions or even indoors, but
low vulnerability against interference. Looking at a pedestrighe estimated positions are often inaccurate. Besides achieving
navigation system especially positioning under weak signaigh sensitivity under weak signal conditions results in low
conditions and interference scenarios is of interest. Furthegnamic of the position solution due to high filtering. By
more a short GPS reacquisition time is a crucial factor increasing the receiver dynamic the position solution gets
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1, e [oode ], % dfea After processing all measurements the absolute states of the
NCos I¢ Leontroller]™ SDA are corrected withi;” = #,, — A" and the kalman error

stateA#; is set to zero.
1) code measurementBefore raw pseudo range mea-
surements can be processed corrections for ionospheric-,

less robust and continuous positioning under weak sig&%?posPheriC' and satellite clock errors have to be applie_d. The
conditions becomes more difficult. In contrast to this an IMGorrected me'flfuremenﬁep are (_;ompared _to the predu_;ted
has usually a update rate ®60H = to 1%kHz. Therefore an pseudo range{_ of the kalman filter including the receiver
identification of high dynamic movements and a bridging OQJOCk errorcodt,c..

GPS outages of a few seconds to several minutes is possible. P = |Fsat — Trec| + cobtr, (5)

Fig. 1. non-coherent Deeply Coupled GPS/INS System

A. Non-Coherent Deeply Coupled GPS/INS In a Deeply Coupled System the code phase error is included
In the range measurement by using the code discriminator. The

in-phase and quadrature-phase correlator outputs of a e phase error is the difference between the pseudo range

receiver are processed in a inertial navigation system afige €Xtracted from the replica signal and the true pseudo
simultaneously the signal tracking is performed by using tange o The.code. phaS(_a erro_‘fx measured by the code
output of the navigation solution. This way tracking and'Scriminator including noise;. is

positioning are forming a closed loop. The Deeply Coupled . . 0

System in this work is realized as a non-coherent system, 0T = (Prep *p)g T M- 6
where the discriminator outputs are used directly to determiﬁlﬁe measurement for the true pseudo ranae can be described
code phase and carrier frequency error. The carrier phase is P 9

not controlled. A non-coherent approach is more robust wh . _ Co

C/N, is low making it suitable for a pedestrian navigation p = Prep — 0T To (7)
system and indoor positioning. In this section the syste%
model is described, an overview can be seen in Fig. 1.

In Deeply Coupled (also called Ultra-Tightly) Systems th

eresiduumAy,, is used to process the measurement in the

The navigation filter is designed as a closed loop error staiﬁ%lman filter. The measurement has to be weighted using an

space kalman filter. The kalman filter estimates the error sta?ését'mat'on Of, the'dlsc':nmma'tor Va”ano%mm/wo utilizing
of the strap-down algorithm (SDA) so that the absolute statt€ C/No estimation in section IV.
of the SDA can be corrected. The kalman filter consist of the [P -~ Co

Aypsr =P~ — Prep + 0T ——. (8)

following 17 states co

Az = (ApT, AT, AT ABT, ABT, AcostT)T. (1) 2) carrie_r m_ea_surement?rhe procedure for the carrier mea-
surement is similar to the code measurement. The predicted

ApT and Av” are the estimated position and velocity errorsange rate (doppler measuremenflas to be corrected of the
Aq) are the attitude errors in Euler anglesb, and Ab,, in-  receiver clock error drifbo(g;g;c_
clude the acceleration and rate bias of the inertial senégis.
consists of the clock error and the clock error drift estimation. p = el (Vear — Vyee) + 0057?7;(: (9)
The output of the navigation solution are the absolute states of
the SDA as displayed in Fig. 1. During measurement updat@s is the unity vector from receiver to satellite ang,;, v,c.
prediction and measurement are compared UAIG= 7~ —7. satellite and receiver velocity. Again the frequency discrimina-
The discriminator values used in the measurement step Eeis used in the carrier frequency measurement. The carrier
available at the end of a navigation bit (20nintegration frequency erroé f., is the difference between the range rate
time is used). Because of different delays for each satellfi@m the replica signap,., and the true range raje
these values are available asynchronous only. Creation of range ~ ~ £
measurements (tic-events) are performed for all satellites at the 6fca = (Prep — P) == + N5 .. (10)
same timek. A time indexk all lastly available discriminator €0
measurements are processed. The asynchronism is negledigd. is the noise of the discriminator. A measurement includ-
Range measurements are performed at a tic-rai@fgt: using ing the frequency discriminator for the true range rats
the kalman filter equations. The measurement is processed ~ = Co
for every satellite separately, avoiding a Matrix inversion to P = Prep — 5fc“ﬂ' (11)
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With equation 9 and 11 the kalman filter residudxy,,. can
be calculated

AYry =P = Prey + 0 fear- (12)
fea
3) Gating (discard measurementsBecause of the direct
feedback of the navigation solution of the kalman filter to the
signal tracking of the GPS receiver the measurements have
do be checked for faulty values. As said before measuring
the C'/Ny is important resulting in a discriminator variance
op to weight the measurements. But especially under weak (s Ac)
signal Cond!tlons as in urban canyons the a pnon res,lduum CE‘.Q 2. Measured and predicted position displacement with stochastic cloning
take very high or low values for a short period of time. This
can be due to strong signal strength fluctuations, strong multi

path propagation or receiver internal problems. To prevef the two absolute states of the strap-down latitgdand
these measurements from affecting the navigation solutighgitude ). After every step length update (SLU) these
a tolerance band for the a priori residuum is defined. Theates are cloned (p\.). The step length module provides
tolerance bands includes the variance of the measuremenf step angle), and a step length estimatidy which can

and the variance of the navigation solution. It is defined &g translated into a\north. and Acast. component. The
three times standard deviation of the a priori residuum.  position displacemeny in ned-coordinates is

s=%3-\[HPxyHT 1 o3, (13) g= (47 - (ls : cosws)> (14)

“\Aé ls - sin(vbs)
The tolerance band increases with increasing discriminat%[1 diction i ¢ q h the diff b
variances#, or with increasing uncertainty of the state estima: € %re |3t|on |s|pebr o:me trou% the di erbence e}twegn
tion Pxx depending of the satellite constellation accounte oned and actual a .SO ute strap- .ov'vn §tate y t.rans. orming
through the measurement matiik the LLH to ned coordinates [2]. This is displayed in Fig. 2.

I1l. DEEPLY COUPLEDGPS/PN 7= (A") ~ ((A (@~ =& ) (B (p7) +h7) )
15)

_ _ Aé AT = A ((Re(@7) +h7)cos(47))

In the last section the design of a Deeply Coupled GPS/INS
was described which has been further developed to a Deeplp include the correlations between the actual and cloned
Coupled GPS/PN System. The quality of the navigation solgtates the state vectdxx of the kalman filter in equation 1 is
tion of a Deeply Coupled GPS/INS System under weak sigredtended with the two cloning states
conditions heavily depends on the quality of the IMU. Since R T
the MEMS IMUsyusecFi) in most pedeqstriar? navigation systems Ao = (Anorthe, Acaste)” (16)
are not capable of bridging long GPS outages the results are preserve the correlation between the cloned states, the
not satisfying. Therefore the system is supplemented by a stggtem covariance matrik,,, is extended for the covariance
length estimation of a pedestrian navigation system, whichrisatrix of the cloned state®.. and their cross-correlation
composed of a torso mounted IMU and a magnetometer. Téwvariance matrix’,,., P,.. The new system covariance matrix
IMU is used for step detection and step length estimation aattime indexk is
in combination with the magnetometer the heading of the steps . Poyi Pocs
is estimated. See IV-B for further details. In the present section Py = (Pm ’k Pcc’k )
processing of step length estimation is described. To preserve a ’ '
realistic variance of the position solution a stochastic clonif@'d the extended system model with transition madriand
filter is introduced. In section V the results are additionallffrocess noise matri& can be described as
compared to a vector receiver using a constant velocity model Tr4+1 d0 Tk Gk
without inertial aiding. This is the simplest form of deep % — (:UEH) - (0 1) ' (m;) T ( 0 ) wy - (18)
integration. — —

17)

&, Gy

A. Processing of step length estimations and state cloninglt is obvious that the cloned state is not propagated (station-
To process the relative change in position a stochasfify State). Only the original states are propagated as before

cloning kalman filter is implemented [1]. A stochastic clonin§€V0!Ving states). A state cloning step is performed by

filter can be used where a measurement refers to a relative 2§ = a (19)

change of a state in a certain time interval. This concept

for processing step length estimation is presented in [1] and Pock = Paop(l:2,1:2) (20)

is used to implement step length estimation in the Deeply Pock = Pazp(l:17,1:2) (21)

Coupled GPS/INS System. Stochastic cloning is performed Poar = Pupp(l:2,1:17) (22)
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The state propagation is done by using the system model inAcauisition -
18. The standard kalman filter equations can be used with the 1,.ing
system noisdQ.

i = ®wdf (23)

P, = &Pf®] +GQiG] (24)

Synchronizatiof
Decoding

. . . Observation
Propagation for state and covariance matrix can be calculated

for every sub-matrix separately. The additional workload is Positioning
minimal [1]. The measurement step of the stochastic cloning . 5
kalman filter refers to the actual and the cloned state. The init pos. time

standard kalman filter equations 2 can be used with trg_e s s ol flow of post g G s deepl led mod
extended measurement matE[(k. 1g. . equencial Tlow or post processing. Green IS deeply coupled mode

H; = (Hy, Hf) (25)

il

H,, refers to the actual states aidii refers to the cloned
states. If the cloned state is not part of the measurement mode
then H¢ is set to zero. For example in case of pseudo range
measurements. Then the cloned states are corrected by the
remaining cross correlations. For a step length up#ftes

= 100---0-10

H’“_(o 10---0 0 —1)
IV. IMPLEMENTATION

In this section several implementation aspects of the Deeply
Coupled GPS/PN System are described. First the software
defined GNSS receiver platform is presented. Then three
algorithmic parts,C'/N, and discriminator estimation, step
length estimation and deeply acquisition are stated.

(26)

A. software defined GNSS receiver Fig. 4. Torso system with IMU, baro, magnetometer, laser rangecamera

For a software defined GNSS receiver only an antenna and

a HF-front-end including an A/D converter is necessary. All .
necessary signal processing is done in software. The softwSia> observations are generated for all channels at the same

can run on different hardware like PCs, often the correlatidime' This is in contrast to the implementation in [4]. Therefor

process is supported by reconfigurable hardware (FPGA).Fn? complexity is increased but the observations are generated

this work a HE-front end is used which streams raw data to'& "€SPect to the measurement model where an identical clock

PC. The recorded data are processed with a Matlab softw§FET for all measurements is assumed.
defined GNSS receiver. A real time processing is not possi
but in contrast to some hardware implementations there
no internal timing delays to consider [3]. The HF front- For torso mounted pedestrian navigation systems, [5] pro-
end consist of a SiGe4120L chip set. The signal is complgrses the use of a dead reckoning approach with a step length
sampled withf4 = 8.1838M Hz and down converted to estimator. For heading information the use of a magnetic
an intermediate frequency of;r = 38.500kHz. The post compass and a barometric height sensor for height estimation
processing is divided into several phases. At the acquisitienproposed. For robustness in our approach, the heading angle
phase a parallel code phase search is performed [4]. Trackimgestimated not only with the compass readings but IMU
and positioning are done in parallel in contrast to [4]. Duringneasurements are used for leveling and integrity monitoring.
bit and frame decoding the signal is tracked by standavde have developed a multi sensor pedestrian navigation sys-
tracking loops. After ephemeris decoding and the calculatidem containing IMU, barometer and magnetic compass, and
of an initial position the deeply mode is activated. This camdditional sensors like laser ranger and monocular camera.
be seen in Fig. 3. The system can be seen in Fig. 4.

The signal tracking and the generation of GPS observationdn a dead reckoning system, first, steps are detected regard-
is realized as in a hardware receiver. This means, the corg down and forward acceleration. With each detected step
relations are performed asynchronously over complete C/fkem the torso IMU signal, a new step with a defined step
codes.1ms I, correlation values are available at the entength and heading is computed. The result is a polygon of 2D
of a complete code and0ms I,Q correlation values are points (or 3D points if the barometric height sensor is in use).
available at the end of eve30'" code (at the end of a bit). To define a step length, there are 2 possibilities: Either a fixed

e . o L
%r'e pedestrian navigation system / step length estimation
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step length can be assumed or the step length is estimategin aC /Ny or an (I, Q) normalized discriminator can be
basedon the acceleration energy and step frequency of teeated [7].

current step [5]. The basic formula is I 1Qpr — IprQpi_1

Depoyn, = 2 10T (33)
SL=qa- feep+ B -var(dsp) + 27) T No
1
where SL is the estimated step lengtfy., is the step Datanz = TﬂTata”Q(Ika—lQP,k —IprQpr-1,
frequency andvar(dsp) is the acceleration energy of a step. Ipp_1Ipr — QpriQpi_1) (34)

To estimate the parametets 3 and~, a number of calibration ) . i o

walks, covering slow strolling as well as quicker walks witﬁrhe resulting variance for th€ /N, normalized discriminator

longer step lengths have to be performed. With a Least Squa'l%@

Estimator, finally the step length parameters for one particular 9 1 14 1 )
2TC /N

Ie C/N, estimation needed for normalizing the discrimi-
ors is realized by using the Narrow-to-wide-band power
thod (NWBPM) [9]. This method uses a power ratio,
ween a narrow-banBly and a wide-band powdpy, . They

re calculated by using¢l, Q) correlation values and can be
ritten as

person can be computed. Of course the variable step length TDoreing (27r)2T3C/N0(
estimation needs to be calibrated for each user. For practi
usage it is absolutely essential that this calibration is computﬁ
automatically with a given ground truth. We are able tﬂ]
calibrate our systems with both, a very accurate foot mountsé
system (indoor) or with GPS (outdoor).

Finally, the resulting polygon is used as a Step Leng
Update (SLU) in the state cloning kalman filter, which is )

2
described in chapter IlI. M M
Py (Z Ip,,;> + (Z Qp, (36)
i=1 =1

C. C/Ny and discriminator estimation

(35)

For signal tracking in weak signal conditions a reliably M
C/N, estimation is necessary to weight the code and carrier Py = > (Ip;+ Q%) (37)
discriminators. In [6] differenC’/N, estimation methods and i=1
carrier and code discriminators have been examined especially Pyyw = Pn/Pw (38)

regarding low signal levels. For a non-coherent tracking thg this caseis equals20 which results in an integration
early-late-power discriminatoDgzp was chosen. The codejnierval of one bit length off; = 20ms respectively. The

discriminator describes the code tracking error in equation Sower ratio can be averaged over several measurements
Dprp = (Ip + Q%) — (I7 + Q7). (28) 1 &

Pyyw = - > (Pyyw)i. (39)

Ig,Qg and Iy, Q are the early and laté,Q correlation =

values. The discriminator has to be normalized. This can either
be done by using thé, Q) values or aC /N, estimation [7].

(I + Q%) — (U7 +Q7)

e C/Ny can then be estimated with

C M Pyw-1

— — = — . (40)
DrLec/No 02 2T (4 — 2d) (29) No  TuM-Pyw
0
D 2—d(I%+ Q%) — (I + Q%) (30) Test results show that a reliabf&/ N, estimat?on i; necessary
ELPIQ 4 (12 +Q%)+ (12 +@Q2) for a robust Deeply Coupled System especially in weak signal

Th lization f includes th vl irand conditions. During phases of low signal receptiofis Q)
e normalization factor includes the early-late spacingn normalized discriminators are not unbiased [6] and lead to

the Integration time’". In case of lOWC/NO' the values of the 55 weightings of GPS measurements. Estimation results can
second discriminator are not representing the true code phﬁgefurther improved by using an adaptive kalman filter for

e;]rorléir;)y morg [L(JS]_anthéhg/No norlr_nal(|jz§(_j dl_sc_rlmlnatr(:r C/N, estimation. In urban environments signal energy can
should be used. Using th&/No normalized discriminator the change abrupt and significantly. A kalman filter can be used

variance of the discriminator which is needed to weight tl}% detect these jumps and therefore improve the estimation of

GPS measurements can be calculated with [8] the C'/No.
d 2
TDprreng = 4C/N0T(1 + e d)C/NOT)' (31) D. deeply acquisition

In urban environments a GPS receiver has to cope with

anging signal levels and for example completely shadowed
satellites. A Deeply Couples GPS/INS System can not only

bridge outages of satellites but can also be used at acquisition
stage. Before the deeply mode can be used an initial acquisi-
tion has to be performed. Depending on acquisition method,

Dep =1Ipk-1Qpr — IpkQpr—1 (32) integration length, et cetera only a subset of available satellites

The frequency error in 10 is described by a cross-produq}l
discriminator Do p. In a cross-product discriminatdd, Q) c
values from time indext and a previous time indek — 1
have to be used. This limits the integration tiffle= 10ms if
bit transitions are ignored [7].
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Position of satellites

Number of satellites

7!
1447 14475 1448 14485 1449 1.4495
Time [GPST] X166

S e w s

1447 14475 1448 14485 1449 14495
Time [GPST] X166

Anorth [m)]

Fig. 5. Sky plot of scenario presented in section V. GDOP and nuiwib
satellites before and after deeply acquisition

may be found. If ephemeris data of additional satellites
a initial position solution is available these satellites
be acquired instantly. Normally the satellite position car
calculated using the measured transmission time or ps o 12
range. For a instant acquisition the time of signal transmis Aeast|m]
and the sateliite _po.smon at the tlme. of tr.ansm|SS|on ha\'c ﬁé. 6. Test run front-end SiGe4120L, red: Deeply Coupled GPS/PN, green:
be calculated. This is done using an iterative process since YL |, blue: SLU DR, cyan: reference trajectory

two values depend on each other. By performing the following

steps the time of signal transmission can be calculated.

140 160 180 200 220

1) Initial position at time of signal arrival,,, been recorded at a rooftop of a KIT building previously to
2) Initial signal propagation time, estimation (For exam- allow a deep acquisition of satellites with lo@//Nj.
ple 75ms) The results can be seen in Fig. 6. The run starts from
3) Calculation of time of signal transmissidgy, = t,, — east to west. At the beginning a transient response of the
Tn1 kalman filter can be observed. After a first fix the deeply
4) Calculation of satellite position at time of signal transmode is activated and additional satellites are acquired. The
mission in ECEF coordinates. sky plot in Fig. 5 corresponds to this scenario. The way

5) Calculation of satellite position at time of signal transleads between two high buildings and crosses a building by
mission in ECEF coordinates at time of signal arrivavalking a right and left turn. Leaving the building on the

using,_1. other side, the path leads north after a second right turn. The
6) Calculation ofr, using estimated pseudo range aftempproximate reference trajectory (cyan) was added afterwards

clock error correction. because of the absence of a ground truth. The performance
7) Repeat 3. - 6. untity - |7,—1 — 7| < €. of the vector receiver (green) using a DLL-FLL approach

After a view iterations a precision ef= 106 is reached. The Performs similar compared to the Deeply Coupled GPS/PN
satellite velocity can be calculated without further iteration@Pproach (red) when walking outdoors. Inside the building
Step 5. is needed since the earth is rotating relative to tH® results are more noisy nevertheless a position solution is
ECEF frame during Signa| propagation_ With satellite Ve|oc|t§t|” pOSSible. After |eaVing the bUIldIng the transient response
and receiver clock error drift estimation the doppler frequendy stronger. The trajectory of the Deeply Coupled GPS/PN
of the new satellite for the tracking loop of the GPS receivérystem is much smother and especially inside the building a
can be set. The code phase can be extracted from the estimgiggh more accurate position solution is available. Due to the
time of signal transmission. aiding through SLU there is a clean transient when the weight
Fig. 5 shows the deeply acquisition for the scenario pr&f the GPS measurements is raising again after leaving the
sented in section V. Instead of seven satellites, ten satellifddlding. For comparison the dead reckoning position solution
can be used instantly after the first position fix (new satellitedfter a first fix is displayed in blue. A constant north drift can
2,29, 31). As a result the GDOP is improved. Also thg'N, be observed.
of these satellites is lower the position solution is improved In Fig. 7 the transient region between outdoor - indoor -
especially during periods where the signal energy is rising (seétdoor and the advantage of the Deeply Coupled GPS/PN
Fig. 8). approach can be seen in detail. Using a vector receiver a
position solution inside the building is still available but does
V. RESULTS not follow the reference trajectory well. Especially the two
In this section the results of the Deeply Coupled GPS/PiNrns are not clearly visible. The Deeply Coupled GPS/PN
System are shown. The trajectory was recorded at the camfystem is able to follow the reference trajectory using the
of the Karlsruhe Institute of Technology (KIT) using the USBSLU information. By being able to track the satellite signals
module described in section IV-A and the torso module afiside the building and a reasonable weighting of the GPS
the pedestrian navigation system. Actual ephemeris data haweasurements the drift of the dead reckoning can be corrected.
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Fig. 7. Test run front-end SiGe4120L (zoomed in), red: Deeply Couple%
GPS/PN, green: VDFLL, blue: SLU DR, cyan: reference trajectory
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Fig. 8. C/Ny estimation of visible satellites of the Deeply Coupled GPS/PN
System

The C/N, estimation is plotted in Fig. 8. In can be seen
that satellite2,29,31 are acquired after a first fix. Between
50s and 120s when walking through the shadow of the two
buildings theC/N, drops tox 25 — 30dBHz. Inside the
building theC/Ny is below25dBH z, a standard stand alone
GPS receiver would loose track. After leaving the building all
satellites are still in track and th&/N, for all signals raises
immediately.

VI. CONCLUSION

In this paper we have presented a Deeply Coupled INS/GPS
system, extended by step length updates. Furthermore we have
identified different aspects which are crucial to implement a
robust and reliably Deeply Coupled GPS/PN System which
can work on real world data. Especially the transition between
indoor and outdoor has to be handled carefully due to the direct
feedback of the position solution into the tracking algorithms.
Additionally using a deeply acquisition of satellites with a very
low C/Ny is possible. This is important especially in urban
environments where signal strength can fluctuate rapidly. The
including of step length updates improved the position solution
significantly. Using this technique it is possible to reduce the
drift of the inertial navigation indoors and to improve the
position solution outdoors. Due to the inertial aiding of the
tracking loops GPS measurements are available instantly when
a satellite comes in few again. This also improves the overall
osition solution.

REFERENCES

M. Kleinert, C. Ascher, S. Schleith, G. F. Trommer, and U. Stilla, “A new
pedestrian navigation algorithm based on the stochastic cloning technique
for kalman filtering,” Proceedings of the 2011 International Technical
Meeting of the Institute of Navigation, San Diego, CA, 2011.

J. Wendel,Integrierte Navigationssysteme: Sensorfusion, GPS und Iner-
tiale Navigation. Oldenbourg, Khchen, 2007.

S. Kiesel, M. Langer, and G. F. Trommer, “Real time implementation of
a non-coherent deeply coupled gps/ins systdPngceedings of the 2010
International Technical Meeting of The Institute of Navigation, 2010, San
Diego, CA, USA.

K. Borre and D. M. Akos A software-defined GPS and Galileo receiver

- A single-frequency approach. Birkhser, 2007.

S. Shin, “Adaptive step length estimation algorithm using low-cost mems
inertial sensors,Sensors Applications Symposium, 2007. SAS '07. |IEEE,
2007.

S. Kiesel, “Entwurf und realisierung eines gps/ins navigationssystems
auf inertial geditztem, vektorellem signaltracking,” Ph.D. dissertation,
Karlsruhe Institute of Techonlogy, 2012.

P. D. Groves,Principles of GNSS, Inertial and Multisensor Integrated
Navigation Systems. Artech House, 2007.

J. W. Betz and K. R. Kolodziejski, “Extended theory of early-late code
tracking for bandlimited gps receiversyavigation, vol. 3, pp. 211-226,
2000.

Grove, “Gps signal to noise measurement in weak signal and high
interference environmentslhstitute of Navigation, 2005.





