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Study on Code Multi-Path Mitigation by
Phase-Aided Smoothing Algorithm
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Abstract With the progress of the differential technology, typical error source of global navigation satellite
system (GNSS) receivers have been greatly reduced, while the multi-path ranging error remains the dominant one.
To address this problem, the multi-path effects on code measurements and carrier-phase measurements are first
analyzed in this paper. A low complexity code multi-path mitigation algorithm for the C/A code receivers based on
the carrier-aided smoothing is then introduced and detailed. The code multi-path error is reduced from tens of
meters to sub-meter and the C/A code GNSS receiver positioning accuracy is thus greatly improved. System
simulation validates the proposed method.
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The C/A code GNSS receivers are widely
employed nowadays. With the progress of the
differential technology, typical error such as

and new code phase discriminators are introduced in
these technologies to reduce errors. The strobe
technology proposed by Ref.[5] can effectively

troposphere has been greatly reduced, while the
multi-path ranging error remains the dominant one.
Under extreme conditions, the multi-path introduced
errors can be tens of meters M. Until now, the
multi-path effect has been well studied by the scientists
and researchers ™ and various algorithms have been
proposed. The narrow correlator technology proposed
by Ref.[3] narrows the correlator spacing to mitigate
the code multi-path error. The pulse aperture
correlation (PAC) technology proposed by Ref.[4]
further reduced the multi-path error. Extra correlators
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mitigate the reflected signals delayed 30 meters behind
the direct signal. And the multipath estimation delay
lock loop (MEDLL) technology proposed by Ref.[6]
employs multiple correlators to improve the tracking
performance in the delay lock loop. All the
technologies mentioned above are based on the
correlator technologies and they utilizes the auto-
correlation characteristics of the Gold code. The
performances of these technologies are therefore
limited by the correlator spacing and the sampling rate.
The carrier-aided smoothing method which is easy to

Foundation item: Supported by the National High Technology Research and Development Program (*863"Program) of China( 2007AA12Z344 )

HETiH - 286311 £Il( 2007AA12Z7344 )

Biography: Wang Yun was born in 1982. He is now a PhD student and his research interests include satellite navigation algorithm design and VLSI

implementation

EERN: £ ©=0982-), J, WAk, FENHSMAGE LSS LI,



234

Fom S RO RO 2 AR BT T 195

implement is introduced and detailed in this paper. The
paper is organized as follows: the multi-path effect on
the code and carrier-phase measurements are analyzed
first, the carrier-aided smoothing algorithm is then
analyzed and detailed, and the simulation result is
given to validate the superiority of the algorithm.

1 Multi-Path Effect on
Measurements

The GNSS is essentially a ranging system and the
positioning principle is well illustrated in literatures.
Two measurements are employed to measure the
distance between the satellite and the receiver. The
code measurement is used by the C/A code receiver for
its simplicity and the carrier phase measurement is
used by the high-end survey receiver for its high
accuracy and the complexity of the ambiguity
resolution problem.

1.1 Multi-Path Effects on Code Measurement

The received signal is expressed as:

s(t) = Zn:aic(t —1;)cos(at+6,) Q)

where n is the signal numbers and i=0 denotes the
direct signal, c(t) is the PN code, ¢ and z; are
the coefficient and time delay of the signal, @, and
6, are the frequency and phase of the signal.

The input signal is de-spread and correlated with
local reference signals. The delay locked loop is used
to lock the signal. The early in-phase, late in-phase,
early quadrature-phase and late quadrature-phase
correlation signals are given as:

le :iaiR(fo —7; +74)C0S(6, _éo) (2)
I :Zn:aiR(TAo — 17, —74)C0S(6), _éo) 3)

Qc :Zn:aiR(fo -7, +174)sin(6 _éo) 4

Q=Y aRG, -7 +7)sn@-8) )

where R(-) is the autocorrelation function of the PN
code, 7, is the early-late spacing, 7, and éo are
the estimated time delay and carrier phase. The

non-coherent early-minus-late discriminator is:
D, =1.2+QS2-12-Q? (6)

In the presence of reflected signal, the code loop

locks to the composite signal rather than the direct
signal, and the code measurement error is then
generated. When only one reflected signal is
assumed,the discriminator outputs:
a’[R*(e+7,~t)-R*(e—7, —1) ] =

2acos(d,)R(e —7,)R(e -7, ) +R*(e —7,)— (7)

2acos(d, )R(¢ +7,)R(e + 7, —t) = R*(e +7,)
where &=7,—17, is the code tracking error and
t =17, — 7, is the time delay of the multi-path relative to
the direct, a=a,/a, is the ratio of the multi-path
signal strength to the direct signal strength, 8, =6, — 6,
is the phase of the multi-path relative to the direct.
Some algebraic manipulation results in the following
results !:

8¢ o<t<r,(+a)
1+a

ar, r,l+a)<t<l+r,(a-1)
a(s, —2s, +ht—afr,(1-s,)+s, —2s, +1]
2(s,-D+a(s,—2s,+1)

T+ (a-) <t <1+, [l+aﬁj
S —
ar, (s, —s)
(51 _1)
1+, (1+aSZ _Slj<t <2+, (—1+aﬁj
1 1
8)
where the amplitude of the side-lobe is s (i=
1,2,---,2 022) € {-65,-1,663} /1023 . A graphical

depiction for the case 7, =0.5,a=0.5 with PN code
of GPS #PRN 1 is given in Fig.1.
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Fig.1 The code multi-path error envelop
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As 1 chip error represents 300 meters ranging
error, the maximum ranging error can be a magnitude
of tens of meters which greatly degrades the receiver
performance.

1.2 Multi-Path Effect on Carrier Measurement

Considering single reflected signal model and the
arctan discriminator, the tracking error introduced by
the multi-path effect is!":

aR(g—-t)sin(6,,)
R(g)+ aR(e 1) cos(Hm)J
Where 8, is assumed to be proportional to the carrier
frequency, and the carrier multi-path envelop is given
in Fig. 2.

AG, = arctan( 9

Phase Error/(°)

Fig.2 The carrier phase error envelop
As the maximum carrier phase error is about 50
degree, the ranging error is 2.8 cm for L1 carrier at
frequency 1 575.42 MHz, and 3.6 cm for L2 carrier at
1227.6 MHz.

2 Carrier-Aided Code Multi-Path
Mitigating Algorithm

As it was analyzed in the previous section, the
carrier phase multi-path error is two magnitudes
smaller than the code error, so the code multi-path
error can be greatly mitigated with the aid of the
carrier phase measurements.

As illustrated in Fig. 3, the distances between the
receiver and the satellite at the signal received
timet,,t,,t, arep,, p,, p,. The corresponding signal
transmitted time ist, ,t, ,t, . The pseudo-range

measured by the code phase measurements
are Py, Py P -

p=c(t—ty) =12 (10)
where ¢ is the speed of light. And the carrier

received by the receiver is identical to the carrier

transmitted by the satellite.
151 4
[ twde=[ (@ + f, Ot (12)

where f,(t) is the Doppler frequency and f.(t) is
the transmission frequency which is almost constant
between t,and t.

Receiver

Fig.3 Principle of phase-aided smoothing algorithm
Eq. (11) can be rewritten as:
1 ¢t
bti-(-t)=——[ fd  (12)

.
According to Eq.(10)~Eq.(12), the delta range
between p, at time t,and p, at time t can be

measured by the carrier phase measurement.
I

pi—po =M T, Odt=-Z.0d,  (13)

Based on the survey principle, averaging multiple

measurements  can  effectively  reduce  the
measurements variance.
.1 .. .
Po = E(po + o+ A dy) (14)
:51 = 150 - /1|_1A¢01 (15)

So the smoothed pseudo-range at epoch (the pseudo-
range extraction time) 1 is given as:

.1, .
P = E(po +p0+ /ALL1A¢0,1) - 1L1A¢O,l =

1. 1,.
Epl + E(po - //i’LlA¢O,1) (16)

similarly , the smoothed pseudo-range at epoch 2 is

-1 5
P2 = 5(,00 + P+ AuAGyy + P, + Ay ) — AuAdy ,

17
And the generalized expression is:
. 1. k-1, k-1
Px = Epk +Tpk—1 _T/lLlAk—l,k (18)

where kis the epoch count, p, is the pseudo-range
measured by code phase at the k th epoch, p,, is
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the smoothed pseudo-range at the (k—-21)th epoch,
-A,Ad ., is the delta range between epoch
k —1and epoch k.

Suppose there is no multi-path effect at the first
k -1 epochs, the smoothed pseudo-range p, , is
accurate. Even if p, is contaminated by the multi-
path effect, as the delta range —A,,Ag,_,, is measured
by carrier phase and the carrier phase multi-path error
is of centimeter level, the overall ranging error in p, is
greatly mitigated by the coefficient1/k as illustrated in
Eqg. (18). As the pseudo-range is extracted several
times in one second and k —1epochs only takes a few
seconds, the prerequisite for this code multi-path
mitigation algorithm can be satisfied in most cases.

3 Simulation and Results

Simulations are carried out to validate the
algorithm with the following parameters: PN code
period 1 ms, code rate 1.023 MHz, intermediate
frequency 4.309 MHz, sampling rate 16.384 MHz for
the narrow correlator and 5.714 MHz for the proposed
algorithm. For simplicity, the carrier-to-noise ratios are
assumed to be typical (44 dB-Hz) and the same for all
the satellites. Only one satellite is assumed to be
affected by single reflected signal between epoch 400
and 450. Parameters of the reflected signal are set as
follows: «a=05, 7=0.1 chip, and 6=0.5n .
Simulation results are shown in Fig. 4. The red, black
and blue line denotes the result of the least square
algorithm, narrow correlator algorithm and the carrier-
aided algorithm, respectively.

The carrier-aided algorithm outperforms the other
two algorithms even under the environment without
the multi-path effect because both the code multi-path
effect and the Gaussian noise effect is mitigated by the
smoothing process.

4 Conclusion

The multi-path effects on the code tracking loop
and carrier tracking loop are analyzed. The carrier-

aided code multi-path mitigation algorithm is detailed.
It is superior to the correlator-based multi-path
mitigation technologies and of very low complexity,
thus it is a suitable solution for the low-cost C/A code
GNSS receivers.

Positioning Error/m

350 400 450 500
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Fig.4 Positioning Results
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