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Abstract: Conventional DLLs estimate the delay times of satellite signals individually and feed back these measurements to the
VCO independently. But VDLL estimates delay times and user position directly and then estimate the feedback term for VCO
using the estimated position changes. In this process, input measurements are treated as vectors and these vectors are used for
navigation. First advantage of VDLL is that noise is reduced in all of the tracking channels making them less likely to enter the
nonlinear region and fall below threshold. Second is that VDLL can operate successfully when the conventiona independent
parallel DLL approach fails completely. It means that VDLL receiver can get enough total signal power to track successfully to
obtain accurate position estimates under the same conditions where the signal strength from each individual satellite is so low or
week that none of the individual scalar DLL can remain in lock when operating independently. To operate VDLL successfully, it
needs to know the initial user dynamics and position and prevents total system from the divergence. The suggested integration
method is to use the inertial navigation system to provide initial dynamics for VDLL and to maintain total system stable. We
designed the GPS/INS integrated navigation system. This new type of integrated system contained the vector pseudorange format
generation block, VDLL signal processing block, position estimation block and the conversion block from position change to delay

time feedback term aided by INS.

Keywords: GPS, Inertial Navigation System, delay lock loop, Vector DLL

1. INTRODUCTION

There are various types of integrating inertial sensors with
GPS. One of these is the loosely coupled integration that the
filtered navigation solution tends to have a higher bandwidth
and better noise characteristics than the GPS solution aone.
This configuration is best implemented with higher quality
inertial sensorsif the GPS outages are long in duration.

A more complex level of coupling is tight integration,
where GPS PR, Doppler, or carrier phase measurements are
filtered with the navigation solution generated by the inertial
sensors. In addition to the benefits of loose coupling, a tightly
integrated system can have a more accurate navigation
solution because the basic GPS observable used in the filtering
process are not as correlated as the position and velocity
solutions used in loose integration.

A more complex and potentially most beneficial level of

GPS-inertial integration occurs at the GPS tracking-loops level.

This type of coupling is referred to as ultra-tight integration.
This configuration is more complex than the other
architectures discussed above because it changes the structure
of the traditional GPS tracking loops. In terms of performance,
ultra-tight integration also offers the most benefits in terms of
accuracy and robustness improvements to the GPS receiver
and overall system.

Ultra-tight integration can improve acquisition time as well
as the tracking performance of the delay-lock loop in terms of
dynamics stress and noise rejection, thus producing more
accurate Doppler and pseudo-range measurements.

A conventional GPS receiver consists of several parallel
scalar DLLs, each of which independently estimates the
individual pseudoranges. When the signal strength from each
individual satellite is so low, none of the individual scalar
DLL can remain in lock when operating independently. As we
know, al pseudoranges between al satellites and a user
position change simultaneously whenever satellites move or
user moves. In addition, current GPS receiver cannot track the

week signals of satellites in bad environments. It means that
GPS receiver cannot measure pseudoranges and cannot
provide a position. So as to use the correlation of each satellite
signa and user dynamics, we use vector delay-lock loop
technique [1]. The advantage of VDLL isthat noise is reduced
in al of the tracking channels making them less likely to enter
the nonlinear region and fall below threshold. Second is that
VDLL can operate successfully when the conventional
independent parallel DLL approach fails completely. It means
that VDLL receiver can get enough total signal power to track
successfully to obtain accurate position estimates under the
same conditions where the signal strength from each
individual satellite is so low or week that none of the
individual scalar DLL can remain in lock when operating
independently.

In this paper, we suggested the new tightly coupled
GPS/INS integration to improve the performance of GPS
receiver aided by INS and vector delay lock loop (VDLL)
technique. As a result, the proposed integration system
estimated delay time accurately and power of tracked signdl is
increased by VDLL technique. In a week signal or unstable
environment like as indoors and dense urban area, the new
system tracked satellite signals and estimated user position
accurately when conventional GPS system could not estimate
delay time and failed to fix a user position. In this paper, we
will present al of these results compared with the results of
the conventional GPS receiver.

2. SIGNAL PROCESSING IN GPSRECEIVER

2.1 GPS Signal Processing

The process of receiving GPS signals may be divided into
three steps. First is the acquisition. The signal acquisition
process consists of a three-dimensional search in time (code
phase), frequency and satellite-specific PRN code. Next step is
the tracking. After the acquisition process is accomplished the
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receiver enters the tracking mode. A delay-lock loop (DLL) is
used to track the code phase (or frequency) and a phase-lock
loop (PLL) or afrequency-lock loop (FLL) is used to track the
carrier phase or frequency, respectively. Last step is the data
decoding and position solution. When both tracking loops are
in lock, it is possible to decode the 50 bps data and determine
the receiver’ s position.
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Fig. 1 GPS receiver block diagram

The RF signal from satellite is first down-converted to the
IF signal and IF signal is then down-converted by the carrier
frequency to the base-band in | and Q components. The | and
Q multiplied by the early, late and prompt PRN codes to get
the correlation values. The sampling model of prompt | and Q
signal are represented below.

I, =+/2PM _R(r) D, Sin(7AfT + Ag) sinc(AfT)

@

Q. =+2PM_R(r)D, cos(zAfT + Ag) SInc(AFT)

where
p : Power of input signa
M. . Number of | & Q samplesin 1 ms
E

R(z) : Auto-correlation function
p, - Discriminator output

Af . Carrier frequency changes
Ag- Carrier phase changes

The values are summed and averaged over 20 code periods
or 20ms. The correlation values are then fed into the
discriminator algorithm that gives the early/late relationship to
the code loop filter, which determines if there should be a
phase change in the local prompt PRN code.

From the viewpoint of positioning, the process of GPS
receiver can be divided into two steps: first is to estimate each
of the delay time of satellite signal, second is to estimate the
user position with the estimated delay time, shown in Fig. 2.
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Fig. 2 Conventional GPS position estimate process
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That is, a generalized form of GPS position estimate
processors has independent parallel estimators for each 7

2.2 Conventional Delay-lock loop
The function of the DLL isto track the CA code component

of the GPS signal. In addition to generating the prompt code
needed for tracking the carrier in the PLL, the code phase
from the code generator is also used to determine the
pseudoranges for position determination.

Delay-lock loop consist of a discriminator, loop filter, and
code NCO (or DCO). Fig. 3 shows the non-linear model of
delay lock loop.
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Fig. 3 Conventional DLL block diagram

DLL Discriminator

There are several types of discriminator: early minus late
power, dot-product power, cross-product power. Below
equation represents the non-coherent early minus late type. In
equation, early and lateis usually 1/2 chip.

Ao () =[(12+Q2)-(17+ Q) ] @
= PMésincz[ﬁAfT][Rz(r—%)— RZ(T-%—%)}
=Ko Do (7)
where
,Q" Early | and Q signal
I, q Latel and Qsignal
k.. 1 Gain of Discriminator
DLL
D. (7). Discriminator characteristics
DLL( )
d : Chip space between early and |ate signal
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Fig. 4 Discriminator Characteristics

DLL Loop Filter

The transfer function F(z) represents the loop filter of a
tracking loop. The loop filter is usually a low-pass filter used
to suppress the noise and high-frequency signal components
from the phase-detector/delay discriminator and provide a
DC-controlled signal for NCO. A 1% order tracking loop is
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obtained when F(z) = 1. There are usually three options for
selecting the loop filters in a 2™ order loop: a lag filter, an
active filter or a passive filter. A 2™ order loop with lag filter
is usually referred to as a modified 1% order loop rather than a
genuine 2™ order loop. A 39 orders are insensitive to
acceleration, and optimal for constant jerk (rate of change of
acceleration) input. 4™ order loops are insensitive to jerk. It is
rare that aloop is constructed with an order higher than third.

The loop order is sensitive to the same order of dynamics.
The 1% order loop is suitable for a user position that variesin a
random walk manner (white noise velocity); the 2™ order loop
is suitable for a user velocity that varies in a random walk
manner (white noise acceleration); the 3 order loop is
suitable for a user acceleration that varies in a random walk
manner (white noise jerk).

2" order closed-loop filter is below. The open loop transfer
function F(s) inthe ‘s’ domain:

W) _p s, _[Lpassive &)
X(s) Ts+a 0, active

_an,s+ o}

" Ks

And the 2™ order closed-loop transfer function in the ‘s
domain and the discrete time domain is below.

2
H(s) = Zamns+a)n i
& +aw,s+ o} 2
Vi = 8% +aX  —by, ( )
where 1.0, o T o7

T aT,+2T, aT.+2T," 7 aT +21
0, = JKoKoma 1T, - l.\slatural' frequency
£ =(T,/2)w,- Damping ratio
B, = w,(L+4¢?)/(8¢) - Closed loop bandwidth

Performance of DLL

The rule of thumb for evaluating the performance of DLL is
to see the dynamics stress error and thermal noise error in
addition to the tracking error in range.

Generally, thermal noise error can be caculated with the
equation:

©)

B 2
=T, L1+ meters
Tou = e 2C/No[ TCC/NOJ (meters)

where
1.: Timeinterval of achip
(7 : Carrier-to noiseratio in dB

No .
g, - Loop bandwidth

The necessary condition for better performance is to have
lower bandwidth and higher C/No.

Another factor of performance of tracking loop is to
evaluate the dynamic stress error. The dynamic stress error is
related with the loop filter.

If we used the 2™ order loop filter, the equation of dynamic
stress error is below.

RO = % @ (6)

@ represents the second derivatives of delay time and
w? isthe square of the [oop frequency.

Then the rule of thumb is that the sum of the thermal noise
error and the dynamic stress error must be less than the given

chip space.
3op =30y +R < d (chips)

3. VDLL PROCESSING TECHNIQUE

3.1 Concept of Vector Delay-L ock L oop

There are two forms of generalized GPS position estimate
processors. The first form first estimates the delay using
independent paralel estimators for each T, and then

estimates position as a separate process. This form has the
conventionah DLL with independent delay estimation
processors. The second form of processor estimates the
position directly without an independent intermediate delay
estimate. This estimator may also produce an estimate of delay,
because with GPS a delay estimate is needed for recovery of
the navigation data.

Assume for the moment that the user position is an
unknown constant vector and that the received signal samples
at discrete times t, ae r(t,x) and are represented over the

time interval t, .t asthe following received vector:

r() =[rt, X),r(t,, X), ..., rty, )] (7)

Then the estimation can be represented as following
equation and figure:

X, = F[r(¥] (®)
Position
Estimate
r(t,x) Position Estimate %

' Processor

Fig. 5 VDLL Concept

The received baseband signal summed all satellites signals
isthe function of user position directly.

As we know, not all of their delay measurements are truly
independent because the geometry of the satellite-user paths
depends on the motion of satellite and user. That is, delay time
of each channel is changed simultaneously as user or satellite
ismoving and is correlated with other channel dynamics.

This means that all of delay times have to be estimated in a
single vector-processing loop, the vector DLL. This loop
contains the delay time estimation processor for all satellitesin
view using the estimated position rate vector.

3.2 Vector Delay Lock Loop Processing

The VDLL is a further generalization of the extended
Kaman filter (EKF) and is a quasi-optimal extension of the
EKF estimation process. The received signal is a single scalar
observable, and each satellite-received signal component
§[t-7 (x(®)] has two layered non-linearities; namely, s[r,]

and 7 (x) and not just a single non-linearity. The scalar
observable signal at baseband is as follows:

e :ia\s[k—r.(xk)]mk ©)

where the noise samples are independent and Gaussian with
zero mean. The objective is to perform a quasi-optimal
modified extended Kalman estimate of a vector user position
X, from this scalar observable. To derive the VDLL
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configuration, it can be written the Taylor's series expansion
for the signal from satellitei asfollows:

§[t-7,(x®)] =5t -7, (%) + 5/t -7 (%) g’ O)(x-K)+,... (10)
where

TAQ[QE,QE,QE,Qﬁjs

% T\ X'y 2.
9 _ oo r (195 5 _0s
ax—s’[t ri(X)] o a’(t—‘ri)—a—r‘(t—ri)

The vector gty has components that vary slowly with time

as the satellite-user geometry changes. From the product of the
received signal ) with each of N differentiated signal

reference waveformss,[t_rj ()A()], to obtain the observation

vector.
f(t)Sf(t _{-1) a1D(A71) nl(t) ATl
r(t)s,(t-7,) a,D(A7,) n, (t) AT,
V(t): = +| .- EAFL ..o |+n
rt)s,(t—7y) a,D(Az) | [ ny(®) Az,

where
At =7,-7, =A7,(X)
D(A7) =E[s(t)s(t+Ar7)]=R(A7)=R(0)Ar for Ar<T

Use the Jacobian geometric matrix . Jox, =G 1O obtain an
i i

approximation for above equation and the following linearized
matrix equation is produced.

f(t)S{(t - ‘?1) gl(tk) ]
r(t)slz(t_?z) gZ(tk)
v(t) = =AP| - |e+n+..,
r(t)%(t—‘?N) gN(tk)_
[on, on o o]
ox oy 0z ob — % (12
9, 0np 05, 0%y g
=AP| ox oy o0z b ,_5|tN
ory, Oty Oty Oty b-b
ox oy 0z b

where;% R’é (R%‘%"f niks-the useT positi on. vector error. And
rewrite above equation in discrete time notation as follows;
ri)st-7)
r)s,t-7,) (13)
v(t) = = P AG(t )% — Kepa] + 1y

rit)s, (t-7y)
where the noise samples are independent in time, and the

noise has a covariance matrix gy j-g.s, -

This eguation is now in the form where we can easily
generate the standard Kalman estimator by assuming the
following process and measurement equation:

% = FXe s + W
Vi = RAGIX — K +1 (149
=H X N —H X

wherewedefine pag —H, -

The Kalman estimator equation can then be written as
follows.

Predlct(?r : X = Pk
Correction update Rk = R+ Kie[Vie = HiRepa

Kalman gain : -1
9 Kk:R/k—1+Hl;r|:R<+HkPk/klel-<r}

The NCOs act asthe integratorsin the VDLL.

There are several advantages of this VDLL receiver if the
number of satellites exceeds the number of dimensions to be
estimated. In principle, the use of signals from N>4 satellites
in parallel may provide enough total signal power to track
successfully and to obtain accurate position estimates using
the VDLL receiver under same conditions where the signal
strength from each individual satellite is so low that none of
the individual conventional (scaar) DLL can remain in lock
when operating independently.

There are variations in this vector delay lock receiver
depending on the dimensionality of the user state vector, and
the dimensionality of the measurements; e.g., pseudoranges or
pseudoranges plus Doppler/rate of change measurements on
the carrier and other sensor inputs.

4. GPS/INSINTEGRATION ALGORITHM

In this paper, the suggested integration of GPS/INS has two
modes: first mode is to integrate in the level of GPS tracking
loop (ultra tightly coupled), second mode is to integrate in the
level pseudorange rate and velocity estimation (tightly
coupled). The tightly coupled integration is used in
compensating the INS error using GPS pseudorange rate of
satellites and user velocity.

Asthe tightly coupled is well-known method, we will focus
on the ultra tightly coupled method that Doppler frequency
changes by user dynamics is estimated from INS and the
corrected Doppler estimation in tracking loop is aided by the
estimated INS Doppler, and this processes is performed using
the vector-processing technique. The agorithm is depicted in
following figure.

. Vector Delay Lock Loop
received
signal
VDL Code DCO
Discriminators
l Ultra-Tightly coupled
Position Rate Doppler
Estimation Estimation
i I
_PR ) INS Errpr INS
Estimation Calculation
l Tightly coupled
PVA
Position
Estimation

PV

Final Position,

g Velocity & Attitude

Fig. 6 Proposed Integration Scheme
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4.1 Doppler Frequency Estimation from INS

The Doppler frequency of the carrier signal can be
expressed simply as the velocity of the receiver relative to the
transmitter, projected onto the line-of-sight (LOS) vector.

Therelationship is expressed in equation.

: (15)

o :%(an _\75)15

where

2 =Wavelength of carrier L1 frequency
vR = Velocity of receiver antenna

vs = Velocity of satellite

is = Unit LOS vector from receiver to satellite

The components of this equation can be computed in any
Earth-fixed reference frame, such as Earth-Centered
Earth-Fixed (ECEF) or local East-North-Up (ENU). The
transformation matrix between these two reference frames is
easily computed as a function of |atitude and longitude.

The changes by Doppler Effect in C/A code can be
calculated using the wavelength of C/A code frequency.

Since the inertial sensors provide accelerations in a
body-fixed frame, and attitude reference is needed to
transform them to an Earth-fixed frame.

4.2 Doppler Frequency Estimation Filter

The accuracy of the Doppler estimates will obviously
depend on the quality of the inertial sensors used. Using the
equation above, the Doppler measurements can be modeled by
following equation. The line-of-sight (LOS) vector from
receiver to satellite is made by the linearized transition matrix.

1
fapp = < HoA(Vas)+n= T +n

S ZHA (Ve s) —%HSA(VFLS)

dopp — 'dopp — P

(16)
1.s T
=H [AVq s—AVy ]
=Af gy
The Doppler component from the output of discriminators
in VDLL iscalculated by this equation:

ATS — DDLL(T) fdlsc F(Arl ) (17)

disc. Dopp
DLL

The difference between two Doppler estimates is the input
of measurement equation of Doppler estimation Kalman filter.

4.3 INS-aided GPS Tracking L oop

The designed INS-aided GPS tracking loop is represented
in following figure. This model consists in the vector delay
estimation block, the inertial navigation algorithm block, the
navigation filter, and the Doppler estimation filter. The
navigation filter perform the position rate estimation for the
vector delay lock loop, convert the position rate estimation
into the delta delay time of each satellite, and feed forward to
the loop filter to estimate the code DCO Doppler and
frequency. The final roll of the navigation filter is to estimate
user position using the INS aided information.

The difference between this new designed tracking loop and
generic tracking loop is that the navigation cycle is very fast
rather than the generic GPS receiver and the code DCO
command is generated by the Doppler estimation filter, then

the output of discriminator does not put into the code DCO.

Delay discrim.

. + A7 | Discrim. gain A7 | L oop Filter |

" Q_ [Ko], l [F(9)],

Navigation H
Filter
T
VENU Z"a‘d

K Tog Doppler
7DSCO Estimation [

Filter

CodeVCO

Fig. 7 INS-aided GPS Tracking Loop

The expected advantages of the INS-aided GPS tracking
loop is summarized below.

® Can get the increased signal-to-noise ratio

® Can reduce the tracking loop jitter error

® Can track the high-dynamic signal caused by user’s fast
motion

In this paper, the proposed a gorithm to integrate GPS/INS
issimulated by ideal GPS simulation signal and INS tool box.

The following chapter is shared for the representation of
simulation results of the algorithm proposed and designed.

5. PERFORMANCE ANALY SIS

5.1 Generic DLL vs. Vector DLL

First of al, the performance of VDLL was evaluated by
simulation of weak signal environment. When one of satellite
signals is weak, the generic GPS receiver with independent
parallel DLLs cannot remain in lock the weak signal. However,
the vector DLL can track the weak signal continuously and
can estimate the delay time and can use for positioning.

The following figures represented this situation. First case is
that the GPS receiver received a weak satellite signal. Second
case is that the GPS receiver received two weak satellite
signals.

x 10° DLL Code Lock Indicator
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®
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s
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Fig. 8 Case | : Code Lock Indicator with 1 weak signal
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DLL Code Tracking Error (Pseudorange Eron) [m]
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Fig. 9 Code Tracking Error Comparison of Casel: In
generic DLL, aweak signal cannot remain the lock. However,
VDLL isremaining the lock for all signals.
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Fig. 10 Positioning Error Comparison of Case |
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Fig. 11 Case Il : Code Lock Indicator with 2 weak signals

DLL Code Tacking Error (Pseudorange Eror) m]

VDL Code Tracking Ertor (Pseudorange Eror) (]

T T T T T T
e e i S S A Rl
) S T R B

E*}w i %«

(a) Generic DLL
Fig. 12 Code Tracking Error Comparison of Case |

(b) Vector DLL

2drms= 62.4(DLL) \s. 13.0(VDLL) [m]

50— - ———F-————]-——— — =]
1 J‘r 1 -? ¢ Conweltional DLL
.
40,,,\,,,,L,,,,\,iJ?ﬁg'.ii O Vector DLL i
| %e o |
|
.

30

20

10

0

North [m]

-10

-20

-30

-40

-50

East [m]

Fig. 13 Positioning Error Comparison of Caselll

We can see that the positioning error of VDLL is less than
that of generic DLL in weak signa environment. Most
important fact is that athough the signal-to-noise ratio of
weak signalsis 30dB less than that of other signals, VDLL can
track these weak signals normally.

5.2 GPS/INS Integration

To evaluate the performance of INS-aided GPS tracking
loop, we generated the INS information by simulation. If user
has the motion of the following figure, then it is possible to
estimate the Doppler estimation by multiplying the LOS
vector from user to satellites.
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Fig. 14 User Dynamics Information from INS
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Fig. 15 Estimated Doppler Frequencies for each Satellite
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The following figures represented the results of INS-aided
effect when INS aiding information is added in the processing

of the vector delay lock tracking loop.
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Fig. 16 Integrated Estimated Doppler using Kalman Filter
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Fig. 17 VDLL Code DCO Update Estimation
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Fig. 18 VDLL Early minus Late Discriminator Output
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6. CONCLUSIONS

The vector delay lock loop processing technique has the
advantages that it can operate with momentary blockage of
one or more satellites, that is, the remaining satellites may be
able to give a sufficiently good position estimate that there is
never any loss of lock in any of the delay lock loops. However,
when user has high dynamic motion, VDLL also stressed in
tracking the fast changeable satellite signal caused by user
motion. In this paper, we suggested the INS-aided GPS
tracking loop contained the VDLL and INS.

The performance of the proposed algorithm was evaluated
by simulation. These results of simulation represent that the
proposed algorithm can reduce the tracking jitter, positioning
error and improve the positioning ability of GPS receiver.

If this algorithm has the complete INS in the GPS receiver,
then this GPS receiver can provide user position and velocity
information anywhere, anytime, continuously.

Further work is to implement this algorithm in rea-time
GPSreceiver.
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