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ABSTRACT

The least-squares integer ambiguity decorrelation adjust-
ment (LAMBDA) method is adapted for absolute positio-
ning with satellite-satellite single difference measurements.
The integer decorrelation transformation of LAMBDA ta-
kes only the covariance matrix of float ambiguities into ac-
count which results in a substantial amplification of bia-
ses due to orbital errors, satellite clock offsets and mul-
tipath. Therefore, a partial integer decorrelation is sugge-
sted to achieve the optimum trade-off between variance re-
duction and bias amplification. The reliability of ambigui-
ty resolution is further improved by using two geometry-
preserving, ionosphere-free multi-frequency linear combi-
nations: a code-carrier combination of maximum discrimi-
nation and a code-only combination of minimum noise.
The optimized widelane and narrowlane linear combina-
tions are presented for two, three and four Galileo frequen-
cies. The achievable probabilities of wrong fixing have be-
en computed for an exponential bias profile and are sever-
al orders of magnitude lower than in the case of complete
integer decorrelation. Moreover, a partial fixing scheme is
proposed for severe carrier phase multipath. The method
bounds the biases by an exponential profile and determi-
nes the optimum fixing order by a sequential search with
an azimuthal separation constraint between the satellites of
two consecutive ambiguity fixings.

INTRODUCTION

Carrier phase measurements are extremely precise but
ambiguous. If double difference measurements are com-
puted for baselines up to 100 km, the ambiguities can be
considered integer valued due to the substantial suppressi-
on of errors in the orbits and satellite clocks. The Least-
Square Ambiguity Decorrelation Adjustment (LAMBDA)
method has been proposed by Teunissen in [1] to find the
integer least-square solution. It starts with a real-valued
least-square estimation of the ambiguities and consists of
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three steps: First, an integer decorrelation transformation is
computed from the covariance matrix of float ambiguities
to reduce the search space. This volume preserving trans-
formation is obtained by Jonge and Tiberius in [2] from al-
ternating integer approximated Gaussian eliminations and
permutations of ambiguities. Both the transformation and
its inverse are integer valued to preserve the integer na-
ture during the back-transformation after fixing. Secondly,
a search is performed to find the integer ambiguities that
minimize the integer least-square error norm of decorre-
lated ambiguities. Finally, the fixed ambiguities are trans-
formed into the original ambiguity space using the inverse
of the decorrelation matrix. Several test criteria have been
suggested for integer validation, e.g. the ratio test by Euler
and Schaffrin in [3] which discriminates between the inte-
ger estimates of lowest and second lowest error norms. The
integer decorrelation transformation can also be used for
any other fixing method, e.g. the widely used bootstrap-
ping. However, LAMBDA achieves a higher success rate
than bootstrapping as long as no biases are present.

For absolute positioning with satellite-satellite single
difference measurements, LAMBDA does not achieve the
integer least-square solution as the integer decorrelation
transformation amplifies residual biases (due to orbital er-
rors, satellite clock errors and carrier phase multipath)
which partially compensate the gain obtained from the va-
riance reduction. Therefore, a partial integer decorrelation
is suggested to obtain an optimum trade-off between va-
riance reduction and bias amplification for absolute carrier
phase positioning. For a wide range of phase and code bia-
ses, the probabilities of wrong fixing are several orders of
magnitude lower than in the case of a complete integer de-
correlation. The partial integer decorrelation is implemen-
ted by a reduced number of alternating decorrelation and
permutation steps which also makes it beneficial with re-
spect to complexity. The number of required decorrelation
steps decreases rather fast with increasing biases and con-
verges to a single iteration for phase biases of less than 0.05
cycles.

The reliability of integer ambiguity resolution is further
improved by using geometry-preserving, ionosphere-free
mixed code-carrier linear combinations that maximize the
ambiguity discrimination. The latter criterion has been in-
troduced in [4] and is defined as the ratio between wave-
length and standard deviation of the combination noise and
is an indicator for the reliability of ambiguity resolution.
A new E1-E5-E6 mixed code-carrier combination is found
which is characterized by a wavelength of 4.019 m, a noise
level of 5 centimeters and an E1 code multipath suppressi-
on of 17 dB. The discrimination of this combination is mo-
re than five time larger than the discrimination of the op-
timized dual frequency E1-E5a linear combination with a
similar wavelength. The noise variance of the mixed code-
carrier combination is further reduced by an ionosphere-
free carrier smoothing.

All ambiguities can not be fixed with a probability of
wrong fixing of 10−9 during severe multipath. Therefore, a
new method is suggested to find the largest subset of relia-
bly fixable ambiguities and the optimum fixing orders wi-
thin the subset. An exhaustive search is simplified by cons-
traints on the probability of wrong fixing and the azimuthal
separation between two consecutive ambiguity fixings. The
optimum fixing orders are shown in skyplots for an expo-
nential bias profile.

ABSOLUTE CARRIER PHASE POSITIONING

Absolute carrier phase positioning determines the recei-
ver position without the need of a reference station. The
carrier phase measurement on frequency m at user u from
satellite k at epoch i is modeled as

λmφk
u,m(i) = rk

u(i) + δrk
u(i) + c

(
δτu(i)− δτk(i)

)

−q2
1mIk

u(i) + T k
u (i) + λmNk

u,m

+bk
φu,m

+ εk
φu,m

(i), (1)

with the user-satellite range rk
u(i), the projected or-

bital error δrk
u(i), the user/ satellite clock errors

{cδτu(i), cδτk(i)}, the ionospheric delay Ik
u(i) on L1, the

ratio of frequencies qij = fi/fj , the tropospheric delay
T k

u (i), the integer ambiguity Nk
u,m, the phase bias bk

φu,m

and carrier phase noise εk
φu,m

(i) including multipath. A si-
milar model is used for the code measurements:

ρk
u,m(i) = rk

u(i) + δrk
u(i) + c

(
δτu(i)− δτk(i)

)

+ T k
u (i) + q2

1mIk
u(i) + bk

ρu,m
+ εk

ρu,m
(i), (2)

with the code bias bk
ρu,m

and code noise εk
ρu,m

. A multi-
frequency ionosphere-free mixed code-carrier combinati-
on with a large wavelength is considered for absolute posi-
tioning to increase the robustness of ambiguity resolution.
The linear combination is applied to satellite-satellite sin-
gle differences (SD) which are not affected by the receiver
clock offset. The obtained combinations for K satellites are
corrected for the satellite positions, satellite clock offsets
and dry components of the tropospheric delay. For simpli-
city, the user and time indices are omitted, and the resulting
combinations are represented in matrix-vector notation, i.e.




∆φ
(1)
c

∆φ
(2)
c

...
∆φ

(K−1)
c




= X ·



x
Tz

N


 +




ε(1)

ε(2)

...
ε(K−1)


 , (3)

with the SD operator ∆, the receiver position x, the tropos-
pheric zenith delay Tz , the combined integer ambiguities
N , the noise ε(k) of satellite k, and the transformation X
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from range into position domain, i.e.

X =




∆e(1),T ∆m
(1)
w λ

∆e(2),T ∆m
(2)
w λ

...
...

. . .
∆e(K−1),T ∆m

(K−1)
w λ




,

(4)
where e(k) is the unit vector that points from the satellite
to the receiver, m

(k)
w is the tropospheric mapping function

that maps the wet component of the tropospheric zenith de-
lay into slant direction, and λ denotes the wavelength of the
multi-frequency ionosphere-free linear combination. Cor-
rections for the orbit and satellite clock offset (e.g. of IGS)
have an accuracy of only a few centimeters which results in
a measurement bias that is included in the white noise, i.e.

ε(k) ∼ N (b(k), σ2). (5)

The use of satellite-satellite single difference measure-
ments is motivated by receiver independent biases b(k) that
might be provided by a future augmentation system but can
not be neglected so far. The traditional LAMBDA based in-
teger ambiguity resolution is modified to increase the suc-
cess rate in the presence of biases. First, the float soluti-
on of x, Tz and N is computed by weighted least-square
estimation from (3). Secondly, an integer decorrelation is
applied which differs from the traditional integer decorre-
lation. Then, the ambiguities are fixed either by the LAMB-
DA search or by bootstrapping. Finally, the inverse of the
modified integer decorrelation is applied to the fixed ambi-
guities. The measurement biases are unknown but it is as-
sumed that they can be bounded by an exponential profile,
i.e.

bmax(θ) = bmax(0◦) · e−
θ
ζ , (6)

where θ denotes the elevation angle and ζ is the pendant
factor of the bias bound.

MULTI-FREQUENCY MIXED CODE-CARRIER
COMBINATIONS

A multi-frequency mixed code-carrier linear combinati-
on weights the phase measurements of (1) by α1, . . . , αM

and the code measurements of (2) by β1, . . . , βM for M
frequencies. The combination shall be geometry preserving
(GP), i.e.

M∑
m=1

αm +
M∑

m=1

βm
!= 1, (7)

and ionosphere-free (IF), i.e.

M∑
m=1

αm
f2
1

f2
m

−
M∑

m=1

βm
f2
1

f2
m

!= 0. (8)

The GP constraint refers also to all non-dispersive errors,
i.e. there is no amplification of tropospheric delays, orbi-
tal errors and satellite clock offsets. Moreover, the integer

nature of ambiguities shall be preserved (NP), i.e.

M∑
m=1

αmλmNm
!= λN, (9)

which can be rewritten as
M∑

m=1

αmλm

λ︸ ︷︷ ︸
jm∈Z

Nm
!= N, (10)

and the amount of integer numbers Z . The remaining de-
grees of freedom are used to maximize the ambiguity dis-
crimination which has been defined in [4] as

D =
λ

2σn
, (11)

with

σn =

√√√√
M∑

m=1

α2
mσ2

φm
+

M∑
m=1

β2
mσ2

ρm
. (12)

The standard deviations σρm
are obtained from the Cramer

Rao bound given by

Γm =
c2

C
N0
·

∫
(2πf)2|Sm(f)|2df∫ |Sm(f)|2df

, (13)

with the speed of light c, the carrier to noise power ratio
C
N0

, and the power spectral density Sm(f) that has been
derived by Betz in [5] for binary offset carrier (BOC) mo-
dulated signals. Table 1 shows the Cramer Rao bounds of
the wideband Galileo signals.

Table 1 Cramer Rao Bounds for C/N0 = 45dB/Hz

Signal BW [MHz] Γ [cm]
E1 MBOC 20 11.14
E5 AltBOC(15,10) 51 1.95
E5a BPSK(10) 20 7.83
E5b BPSK(10) 20 7.83
E6 BOC(10,5) 40 2.41

The metric D of (11) is used to select the linear combi-
nation that minimizes the probability of wrong fixing over
all linear combinations. The optimization includes a nume-
rical search over all integers jm. It is sufficient to search
over all |jm| ≤ 5 as all other combinations suffer from sub-
stantial noise and bias amplifications. Table 2 and 3 show
the weighting coefficients and properties of mixed code-
carrier widelane combinations of maximum discriminati-
on with two, three and four Galileo frequencies. The dual
frequency E1-E5 linear combination benefits from a wave-
length of 3.285 m and a substantial suppression of the E1
code noise. It is used in the later analysis. The additional
use of E6 measurements increases the ambiguity discrimi-
nation by 50 %. Table 4 refers to narrowlane combinations
where the difference between two, three and four frequency
combinations is negligible.
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Table 2 GP-IF-NP mixed code-carrier widelane combinations of max. discrimination for σφ = 1mm, σρm
= Γm

E1 E5a E5b E5 E6 λ σn D
jm 1.0000 −1.0000
αm 17.2629 −13.0593 3.285m 6.5cm 25.1
βm −0.0552 −3.1484
jm 1.0000 −1.0000
αm 22.6467 −16.9115 4.309m 31.4cm 6.9
βm −1.0227 −3.7125
jm 1.0000 4.0000 −5.0000
αm 18.5565 55.4284 −71.0930 3.531m 13.3cm 13.3
βm −0.2342 −0.8502 −0.8075
jm 1.0000 1.0000 −2.0000
αm 21.1223 15.9789 −34.2894 4.019m 5.1cm 39.2
βm −0.0200 −1.1422 −0.6495
jm 1.0000 1.0000 0.0000 −2.0000
αm 23.4845 17.5371 0.0000 −38.1242 4.469m 6.3cm 35.3
βm −0.0468 −0.1700 −0.1615 −1.5191

Table 3 GP-IF-NP mixed code-carrier widelane combinations of max. discrimination for σφ = 2mm, σρm
= 3 · Γm

E1 E5a E5b E5 E6 λ σn D
jm 1.0000 −1.0000
αm 17.2629 −13.0593 3.285m 19.0cm 8.6
βm −0.0552 −3.1484
jm 1.0000 −1.0000
αm 22.6467 −16.9115 4.309m 93.8cm 2.3
βm −1.0227 −3.7125
jm 1.0000 4.0000 −5.0000
αm 18.5565 55.4284 −71.0930 3.531m 34.0cm 5.2
βm −0.2342 −0.8502 −0.8075
jm 1.0000 1.0000 −2.0000
αm 21.1223 15.9789 −34.2894 4.019m 11.9cm 16.9
βm −0.0200 −1.1422 −0.6495
jm 1.0000 1.0000 1.0000 −3.0000
αm 22.5147 16.8130 17.2516 −54.8249 4.284m 13.7cm 15.6
βm −0.0186 −0.0676 −0.0642 −0.6040

Table 4 GP-IF-NP mixed code-carrier narrowlane combinations of max. discrimination for σφ = 2mm, σρm = 3 · Γm

E1 E5a E5b E5 E6 λ σn D
jm 4.0000 −3.0000
αm 2.2853 −1.2966 10.87cm 5.3mm 10.3
βm 0.0002 0.0111
jm 4.0000 −3.0000
αm 2.2870 −1.2809 10.88cm 5.4mm 10.1
βm −0.0013 −0.0048
jm 4.0000 −2.0000 −1.0000
αm 2.2853 −0.8533 −0.4378 10.87cm 5.0mm 10.8
βm 0.0007 0.0026 0.0025
jm 4.0000 −3.0000 0.0000
αm 2.2841 −1.2959 0.0000 10.87cm 5.3mm 10.3
βm 0.0001 0.0075 0.0042
jm 4.0000 −2.0000 −1.0000 0.0000
αm 2.2844 −0.8529 −0.4376 0.0000 10.87cm 5.0mm 10.9
βm 0.0002 0.0006 0.0005 0.0049
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FLATTENING OF AMBIGUITY SPECTRUM WITH
MIXED CODE-CARRIER COMBINATIONS

Integer ambiguity resolution within a few seconds is
challenging as the negligible change in geometry results
in an ill-conditioned system of equations. The standard de-
viations of conditional ambiguity estimates represent the
spectrum of ambiguities and are characterized by a jump of
several orders of magnitude between the first and last ambi-
guity. There exist two approaches to flatten the ambiguity
spectrum and thereby reduce the probability of wrong fi-
xing. The first one is integer decorrelation which has been
proposed by Teunissen in the LAMBDA method [1]. The
integer decorrelation matrix is computed iteratively as

Z = Z(1) ·Z(2) · . . . ·Z(Nit), (14)

where each Z(n) represents an integer approximated Gaus-
sian elimination and a permutation of ambiguities.

Fig. 1 shows that both the wavelength of the mixed code-
carrier combination and the number of chosen decorrelati-
on steps Nit have a substantial impact on the probability of
wrong fixing. A complete integer decorrelation is optimum
due to the absence of biases.
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Fig. 1 Benefit of integer decorrelation for ambiguity fixing
using an E1-E5 mixed code-carrier combination

The success rate is lower bounded by the success rate of
Blewitt’s bootstrapping [6]. It is given by Teunissen in [7]
as

Ps =
K−1∏

j=1

[
Φ

(
1

2σN̂j|j

)
+ Φ

(
1

2σN̂j|j

)
− 1

]
, (15)

with the cumulative Gaussian distribution

Φ(x) =

x∫

−∞

1√
2π

e−
1
2 v2

dv, (16)

and the conditional ambiguity standard deviation σN̂j|j
. A

simulated Galileo geometry over 100 epochs with 11 visi-
ble satellites has been assumed. Note that the combination

of maximum discrimination also minimizes the probability
of wrong fixing for any other geometry.

The second approach to flatten the ambiguity spectrum
is the choice of two GP-IF linear combinations: A mixed
code-carrier combination of maximum discrimination and
an additional code-only combination of minimum noise.
The latter one does not introduce any additional ambigui-
ties. It has been shown by the authors in [8] that both com-
binations are uncorrelated. An almost flat ambiguity spec-
trum is obtained within a single iteration in Fig. 2. Besides
the lower number of decorrelation steps, the two GP-IF li-
near combinations reduce the spectrum of ambiguities by
one order of magnitude compared to the flattened spectrum
of a single linear combination of maximum discrimination.
The flattening of the spectrum improves the search efficien-
cy and reduces the probability of wrong fixing for boot-
strapping substantially.
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Fig. 2 Spectrum of E1-E5 widelane ambiguities for mea-
surements over 10s: Flattening of the spectrum of the mi-
xed code-carrier combination by an additional code-only
combination

PARTIAL INTEGER DECORRELATION FOR BIA-
SED PHASE AND CODE MEASUREMENTS

The LAMBDA algorithm achieves the integer least-
square solution for unbiased measurements. However,
LAMBDA does not necessarily generate the integer least-
square solution for biased measurements as the integer de-
correlation amplifies the biases which partially compensa-
tes the gain obtained from the variance reduction. Reliable
ambiguity resolution is even prevented if the biases are am-
plified to more than half a cycle. Therefore, partial integer
decorrelation is suggested to achieve the optimum trade-
off between variance reduction and bias amplification. The
partial integer decorrelation is implemented by a reduced
number of decorrelation steps, i.e. Nit < Nit,max. An ad-
ditional ionosphere-free carrier smoothing of Hwang et al.
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[9] is applied to both linear combinations to reduce the va-
riances which increases the margins for the biases. Fig. 3
and 4 show the probability of wrong fixing as a function of
the upper bound on E1 and E5 phase biases for 0◦ elevation
and different numbers of integer decorrelation steps. A sin-
gle step achieves a probability of wrong fixing that is up to
20 orders of magnitude lower than in the case of complete
integer decorrelation for phase biases of only 0.05 cycles.
An exponential bias profile is assumed where the pendant
factor ζ is chosen in both figures such that bρ,max(90◦) = 1
cm. The smoothing period has been set to τ = 30s for both
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Fig. 3 Probability of wrong fixing of E1-E5 wi-
delane ambiguities for an exponential bias profile
(bρ,max(0◦) = 2cm) and a reduced number of integer de-
correlation iterations
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Fig. 4 Probability of wrong fixing of E1-E5 wi-
delane ambiguities for an exponential bias profile
(bρ,max(0◦) = 5cm) and a reduced number of integer de-
correlation iterations

the mixed code-carrier combination of maximum discrimi-
nation (Tab. 3) and the E1-E5 code-only combination of
minimum noise.

PARTIAL AMBIGUITY FIXING IN THE PRE-
SENCE OF BIASES

The probability of wrong fixing exceeds 10−9 for
bφ,max(0◦) ≥ 0.1 cycles in Fig. 3 and for bφ,max(0◦) ≥
0.08 cycles in Fig. 4. However, a subset of ambiguities can
be fixed reliably for even larger biases.

Bounding of conditional ambiguity biases

The number of fixable ambiguities depends on the cho-
sen subset of ambiguities and the order of fixings within
the subset. The optimum subset and fixing order are de-
termined for an upper bound on the conditional ambiguity
biases. Teunissen has shown in [7] that the conditional am-
biguity biases can be related linearly to the measurement
biases for bootstrapping, i.e.

bN̂k|k
=

K−1∑

j=1

Skjα1λ1 · bφj
E1

+
K−1∑

j=1

Skjα2λ2 · bφj
E5

+
K−1∑

j=1

(
Skjβ1 + Sk,j+(K−1)b1

) · bρj
E1

+
K−1∑

j=1

(
Skjβ2 + Sk,j+(K−1)b2

) · bρj
E5

, (17)

with the phase weighting coefficients α1, α2 and code
weighting coefficients β1, β2 for the first linear combina-
tion, the code weighting coefficients b1, b2 for the second
linear combination, and

S = (LT )−1ZT P
(
XT Σ−1X

)−1

XT Σ−1, (18)

where L is obtained by Teunissen in [7] from the trian-
gular decomposition of the float ambiguity covariance ma-
trix ΣN̂ = LDLT . P = [0(K−1)×4,1(K−1)×(K−1)] se-
lects the float ambiguities from the least-square estimate
[x̂, T̂z, N̂ ] and X relates the two linear combinations of
measurements to the unknown parameters x, Tz and N ,
i.e.

X =




∆e(1),T ∆m
(1)
w λ

...
...

. . .
∆e(K−1),T ∆m

(K−1)
w λ

∆e(1),T ∆m
(1)
w 0 · · · 0

...
...

...
. . .

...
∆e(K−1),T ∆m

(K−1)
w 0 · · · 0




. (19)

Equations (17) and (18) show that the conditional ambigui-
ty biases depend on Z. Upper bounds on these biases can
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be derived from upper bounds on the measurement biases
by assuming that all bias terms in (17) accumulate positive-
ly, i.e.

bφj
E1

= sign (Skjα1λ1) · bφj
E1,max

bφj
E5

= sign (Skjα2λ2) · bφj
E5,max

bρj
E1

= sign
(
Skjβ1 + Sk,j+(K−1)b1

) · bρj
E1,max

bρj
E5

= sign
(
Skjβ2 + Sk,j+(K−1)b2

) · bρj
E5,max

.

(20)

An exponential profile is chosen for both phase and code
biases on E1 and E5, i.e.

bφj
E1,max

= bφE1,max(θ = 0◦) · e−θ(j)/ζφE1

bφj
E5,max

= bφE5,max(θ = 0◦) · e−θ(j)/ζφE5

bρj
E1,max

= bρE1,max(θ = 0◦) · e−θ(j)/ζρE1

bρj
E5,max

= bρE5,max(θ = 0◦) · e−θ(j)/ζρE5 , (21)

with the decay constants ζφE1 , ζφE5 , ζρE1 , ζρE5 and eleva-
tion angle θ. Table 5 depicts the chosen parameters for the
exponential profiles.

Table 5 Parameters of exponential bias profile

bφE1,max bφE5,max bρE1,max bρE5,max

θ = 0◦ 0.1 cyc. 0.1 cyc. 10 cm 10 cm
θ = 90◦ 0.01 cyc. 0.01 cyc. 1 cm 1 cm

Fig. 5 shows the conditional ambiguity biases bN̂k|k
that

have been computed from (17)-(21) for a snapshot of si-
mulated Galileo measurements. Two orders of ambiguity
fixings are considered: The first one is chosen to maximize
the number of reliably fixable ambiguities Np while the se-
cond one is based on the PRN and suffers from a large bias
for the first ambiguity to be fixed. A 30 s carrier smoothing
is performed and no integer decorrelation is applied to avo-
id bias amplification. The success rate of bootstrapping for
biased measurements has been derived by Teunissen in [7]
and is given by

Ps =
K−1∏

j=1

[
Φ

(
1− 2bN̂j|j

2σN̂j|j

)
+ Φ

(
1 + 2bN̂j|j

2σN̂j|j

)
− 1

]
,

(22)
with the cumulative Gaussian distribution of (16). Fig. 6
shows the achievable probability of wrong fixing for the
bias bounds of Fig. 5. Np = 5 ambiguities can be fixed
with a probability of wrong fixing of less than 10−9 for an
optimized order while no ambiguities can be fixed when
the order is taken from the PRNs.

Search tree for optimum fixing order determination

There exist (K−1)! orders of single difference ambigui-
ty fixings for K visible satellites. These fixing orders can
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Fig. 5 Bound on conditional ambiguity biases using two
carrier smoothed E1-E5 GP-IF combinations (code-carrier
combination of max. discrimination, code-only combinati-
on of minimum noise) for an exponential bias profile for
both code and carrier phase on E1 and E5
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Fig. 6 Probability of wrong ambiguity fixings using two
carrier smoothed E1-E5 GP-IF combinations (code-carrier
combination of max. discrimination, code-only combinati-
on of minimum noise) for an exponential bias profile for
both code and carrier phase on E1 and E5

be represented by K− 1 trees where each node refers to an
ambiguity and each branch is characterized by a probabili-
ty of wrong fixing. Obviously, an exhaustive search of the
optimum order is often unfeasible. However, the sequential
construction of the trees from the root with two constraints
allows a dramatic reduction of the search space. First, the
probability of wrong fixing is computed for each node and
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once it exceeds the threshold of 10−9 this branch is no lon-
ger extended. Secondly, a low probability of wrong fixing
requires good satellite geometry which motivates a mini-
mum azimuthal separation between two consecutively fi-
xed ambiguities. Fig. 7 shows an exemplary skyplot where
the number of fixing candidates is reduced from 10 to 7 in
the first fixing step. The requirement of azimuthal separa-
tion is weakened with the increase of fixed ambiguities to
enable a fixing of the few remaining ambiguities, i.e.

|azi(k) − azi(k+1)| !
>

K − 1− k

K − 2
·∆azimax, (23)

where ∆azimax denotes the azimuthal requirement bet-
ween the first two fixings.

Fig. 7 Skyplot with azimuthal separation requirement to
reduce the search space of fixing orders

The two requirements simplify the search tree in diffe-
rent ways, i.e. the first requirement is stringent for long
branches while the second requirement is more strict for
shorter branches. The choice of ∆azimax is a trade-off bet-
ween a reduction of the search space and a decrease in fi-
xable ambiguities. Fig. 8 shows the maximum number of
fixable ambiguities for ∆azimax = 45◦ and a simulated
Galileo geometry at 48.1507◦ latitude and 11.569◦ longi-
tude. At least four ambiguities can be fixed reliably at any
time for the optimized sorting which is a substantial impro-
vement over the PRN based sorting. The exponential bias
profile of Table 5 and a 30 s smoothing period have been
chosen.

Fig. 9 shows the number of tree branches for azimuthal
constraint partial ambiguity fixing with ∆azimax = 45◦. A
maximum of a few thousand branches is obtained which is
several orders of magnitude lower than the (K − 1)! possi-
ble branches of length K − 1. It is recommended to adapt
the azimuthal separation constraint to the number of visi-
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Fig. 8 Number of fixable ambiguities using two carrier
smoothed E1-E5 GP-IF combinations (code-carrier com-
bination of max. discrimination, code-only combination of
minimum noise) for an exponential bias profile for both co-
de and carrier phase on E1 and E5

ble satellites, i.e. to choose a larger ∆azimax if more than
8 satellites are visible.
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Fig. 9 Number of tree branches for azimuth constraint par-
tial ambiguity fixing orders

Skyplots for optimal fixing strategy

Fig. 10 - 12 show the optimum fixing orders in skyplots
for three different geometries and an exponential bias pro-
file. The reference satellite used for all single differences is
marked in red and the first satellite to be fixed is marked by
a square symbol. The azimuthal separation constraint leads
to fast covering of the complete sky within a few fixes whe-
reas the satellites of lowest elevation are not included due
to severe biases. The choice of the optimum order enables
the fixing of a significantly larger number of ambiguities
than for the PRN based order, e.g. 7 single difference am-
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biguities are fixable instead of a single one in Fig. 12.

Order with maximum N
p

Order according to PRN

Fig. 10 Skyplot for azimuth constraint partial ambiguity
fixing with τ = 30s smoothing and an exponential bias
profile for both code and carrier phase on E1 and E5

Order with maximum N
p

Order according to PRN

Fig. 11 Skyplot for azimuth constraint partial ambiguity
fixing with τ = 30s smoothing and an exponential bias
profile for both code and carrier phase on E1 and E5

Maximum number of fixable ambiguities

The number of fixable ambiguities Np decreases for se-
vere carrier phase multipath which results in phase biases
up to λ/4 if the line of sight signal is not shadowed. Fig.
13 shows Np as a function of the maximum phase bias
bφmax(0

◦) (for both E1 and E5) for a snapshot of simu-
lated Galileo measurements. The tree of fixing orders has
been generated again sequentially using the constraints on

Order with maximum N
p

Order according to PRN

Fig. 12 Skyplot for azimuth constraint partial ambiguity
fixing with τ = 30s smoothing and an exponential bias
profile for both code and carrier phase on E1 and E5

the probability of wrong fixing (10−9) and the azimuthal
separation (45◦).
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Fig. 13 Number of fixable ambiguities for azimuth cons-
traint optimum fixing order, τ = 30s smoothing and an
exponential bias profile for both code and carrier phase on
E1 and E5

Fig. 14 shows the impact of the carrier smoothing time τ
on the number of fixable ambiguities. For large smoothing
periods, Np converges to the number of conditional ambi-
guity biases that are smaller than 0.5. The proposed partial
ambiguity fixing scheme is rather insensitive w.r.t. the sa-
tellite geometry, which is not the case for LAMBDA with
complete integer decorrelation. Fig. 15 shows that at least
four ambiguities can be fixed with a probability of wrong
fixing of 10−9 through Europe for a selected snapshot with
the previous bias bounds.
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Fig. 15 Number of fixable ambiguities with a probability
of wrong fixing of 10−9 for two carrier smoothed GP-IF
linear combinations (code-carrier combination of max. dis-
crimination, code-only combination of minimum noise)
and an exponential bias profile

CONCLUSIONS

In this paper, ionosphere-free mixed code-carrier combi-
nations with two, three and four Galileo frequencies have
been derived. The noisy code measurements are only used
with a small weight but help significantly to obtain a linear
combination that eliminates the ionosphere and preserves
the integer nature of ambiguities. An E1-E5a-E5b-E6 com-
bination with a wavelength of 4.469 m and a noise level of
a few centimeters was found. It suppresses the E1 code noi-
se and multipath by 13.3 dB which increases effectively to
27.0 dB when the wavelength scaling is taken into account.
The integer ambiguity resolution is generally performed by
LAMBDA which achieves the integer least-square soluti-
on for unbiased measurements. For biased measurements,

the LAMBDA decorrelation transformation amplifies the
biases substantially which prevents an integer least-square
solution. Therefore, a partial integer decorrelation has be-
en suggested to achieve the optimum trade-off between va-
riance reduction and bias amplification. The probability of
wrong fixing can be reduced by several orders of magnitu-
de compared to a complete integer decorrelation for phase
biases of only 0.05 cycles. For larger biases, partial ambi-
guity fixing was analyzed with a new efficient method for
the search of the largest subset of reliably fixable ambi-
guities. Constraints on the probability of wrong fixing and
the azimuthal separation between two consecutively fixed
ambiguities allow a substantial reduction of the number of
possible fixing orders. The optimum order has been shown
for an exponential bias profile in skyplots.
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