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INTRODUCTION 
 
Based on the analysis performed in the frame of the 
development by Thales Avionics of the Test User 
Receiver (TUR) first procurement source for the 
IOV phase of Galileo, this paper highlights the 
relevance of performing an accurate characterization 
of the reference receivers’ contributions to the group 
delays bias, mainly in the case of timing 

applications, high accuracy positioning and satellites 
monitoring stations.   
 
In most current GNSS navigation applications, the 
group delay is considered common to all signal & 
frequencies and is removed together with the 
receiver clock bias in the navigation algorithm. 
 
However, the RF distortions affect the receivers’ 
accuracy on the code phase and carrier phase 
measurements, as well as the reliability of the signal 
acquisition, depending on the codes’ modulations. 
At user level, two types of group delay and carrier 
phase bias sources can be recognized:  
- on one hand, the signal propagation group delay 
which contains the atmospheric effects and the 
satellite transmitter frequency biases 
- on the other hand, the receiver inherent group 
delay which is mainly generated in the antenna and 
front end units.  
 
The main constraints linking the group delay bias to 
the applications performances are reviewed, as per 
the inter-channel absolute group delay and code-
carrier phase coherency bias, and their variations 
according to different environmental conditions 
(temperature, ageing, …).  
 
The group delay being a frequency dependent 
parameter, the impacts of the RF distortions are 
presented with regards to the signals’ carrier center 
frequencies and bandwidths of the various Galileo 
services. In addition, for dual frequency receiver, 
not only the absolute mono-frequency, but also the 
inter-channel/inter-frequency group delay and their 
variations are considered. 
 
The results are based on real measurement of the S-
parameters of the different analogue stages of the 
Thales Test User Receiver, gathered in different 
thermal and gain conditions. 



 

 

The derivation, from the initial RF transfer function 
characterization, of the end-user group delay 
performances is detailed and the final results 
presented in term of group delay, carrier phase bias, 
code-carrier coherency, correlation loss for each 
Galileo signal services. 
 
1- RF GROUP DELAY CONTRIBUTIONS 
 
The RF group delay affects the Galileo receiver 
accuracy on both the code phase and carrier phase 
measurements. Two sources of group delay can be 
identified: the receiver independent group delay 
which contains the atmospheric effects and the 
satellite inter-frequency biases and the receiver 
inherent group delay which is mainly generated in 
the antenna and RF front end units. The atmospheric 
contributions together with the satellite transmitter 
one are mentioned since relevant for the final end-
user performances, but shall not be developed 
further, this paper being mainly focused on the 
receiver own contribution to the group delay bias. 
As the group delay is a frequency dependent 
parameter, greater bias sensitivity to RF distortion 
are expected for  Galileo wide bandwidth signals. 
For dual frequency receiver applications, the inter-
frequency group delay and its variations must be 
considered. 
 
The group delay is not a fixed term. Within the 
receiver channels, the group delay varies with 
temperature and RF gain. The antenna group delay 
depends on satellite elevation angle whereas 
atmospheric group delay depends also on the 
satellite position and atmospheric conditions. Thus 
the determination of group delay effects may be 
performed as a dynamic parameter within the 
variation range, as a function of depending 
parameters. 
 
Group Delay caused by Atmospheric Effects 
 
The atmospheric effects on group delay include the 
following: 

- Ionospheric group delay 
- Tropospheric group delay 

 
The Ionospheric group delay varies with relative 
satellite position to receiver and with the 
atmospheric conditions mainly depending on the 
day time. On the other hand, it is a function of the 
frequency squared. The inverse proportionality with 
the frequency squared allows the estimation of the 
ionospheric delay by means of dual frequency 
measurements. This possibility is given for dual 
frequency signal SoL at L1- and E5-band, and the 
OS and CS signals at L1- and E6-band.  However, 

due to its own group delays the receiver provides 
imperfect  iono-free compensation that must be 
taken into account for accurate timing applications; 
the assessment of this residual bias is further 
developed in the following.  
Unlike the ionospheric group delay, the tropospheric 
group delay is frequency independent for 
frequencies below 15 GHz and acts as an additional 
group delay in the signal waveform beyond that of 
free space. The tropospheric group delay depends on 
the satellite elevation angle and can be modeled and 
removed.   
 
Antenna Group Delay Distortion 
 
The phase response of the receiver antenna varies 
with the frequency and the elevation angle. It results 
in a distortion of the antenna group delay, which is 
not constant versus the satellites’ elevations, and 
therefore, varying with time.  
The inter-frequency bias between two RF channels 
impacts the assessment of the ionopheric error; 
however, as far as the inter-frequency group delay is 
constant according to the signal elevation, it will 
create a constant bias for the ionopheric 
compensation that is common for all satellite This 
common bias is solved by the PVT algorithm as all 
other sources of common (propagation) bias.  
However, the sensitivity analysis done for the TUS 
high-end antenna in anechoic chamber have shown a 
sensitivity of the inter-frequency group delay 
according to signal elevation. The figure below 
reflects the relative GD between the zenith reference 
and different elevations ( 5°- 22,5°- 45°- 67,5°). 
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Fig.1 : Antenna aerial relative GD versus LOS elevation  
 

The behaviour of the antenna aerial GD is almost 
uncorrelated from one elevation to another (more 
especially for E5-E6 case) ; the standard deviation 
of the uncorrelated L1 and E5b group delay 
variation according to elevation (referenced to the 
zenith) is estimated around 150ps.  



 

 

 
The following figure shows the absolute group 
delay of the aerial part of the antenna (excluding the 
antenna front-end, not affected by the satellite 
elevation), as measured by the antenna manufacturer 
at antenna zenith: 
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Fig.2 : Antenna aerial absolute group delay at bore sight 

 
This timing error corresponds to a UERE 
contribution of 12.5 cm. This value represents the 
contribution of the aerial part of the antenna to the 
group delay error, without performing any 
calibration according to the elevation; it remains 
lower than the group delay allocated to the antenna 
budget for the Timing receiver, and therefore 
doesn’t imply to be further compensated according 
to elevation. 
The antenna calibration will be then limited in the 
case of Timing applications to the assessment of the 
absolute mean group delay , measured at the antenna 
zenith and according to the frequency channels, 
without assessment according to elevation. 
A calibration table is needed for the timing receiver 
configuration only in order to fully compensate the 
antenna (at zenith) and its RF group delay 
contributions to the assessment of the satellites’ 
ranges (and not pseudo-ranges as for navigation 
receivers). 
 
Front End Group Delay Distortion 
 
The front-end group delay distortion is mainly due 
to the group delay characteristic of filter devices. 
Classical LC and ceramic filters used in RF-stage 
and SAW filters used in both RF- and IF stages 
provide a wide range of group delay variation in the 
frequency band of interest from 800ps to some tens 
of ns. Thus adequate filter choice is essential to 
ensure group delay bias characterization and 
stability of the receiver. 
 
The RF distortions modify the waveform of the 
received signal, that is reflected accordingly through 
the S-curve bias of the receiver . While correlating 
with a local replica of the signal (usually, its ideal 

waveform), the auto-correlation function is 
distorted, thus inducing additional bias as assessed 
by the relevant delay and carrier phase 
discriminators. 
The group delay characteristics of the RF front end 
is of course determined by all components, i.e. 
filters, amplifiers, mixers etc. However the most 
significant contribution to the overall group delay is 
the SAW filter, which is selected to protect against 
out-of-band interference and to avoid aliasing errors 
in the following ADC.  
 
Antenna phase center variation 
 
The reference point for Galileo signal reception is 
the antenna phase centre. Unfortunately the phase 
centre is not homogenous, but varies as function of 
elevation and azimuth of the satellite line-of-sight. 
Phase centre variation introduces a phase bias, 
where the magnitude of the horizontal error 
typically is in the range of mm to cm and can reach 
up to several cm for the vertical component. This 
means for high precision Galileo applications the 
bias cannot be neglected, i.e. the antenna has to be 
calibrated in the laboratory or in the field. A widely 
used correction is a pure offset for phase centre 
relative to a geometric reference point at the 
antenna. Offset estimation depends on the elevation 
mask and on local effects like multi-path. An 
absolute offset can only be determined with the help 
of tilts and rotations of the antenna, while observing 
satellites with a Galileo receiver. 
Typically, the phase centre of the Galileo antenna 
varies over a range of about 5 mm for L1.  
 
Inter channel bias 
 
Besides group delay bias, generated in the front end, 
additional channel-dependent bias errors exist even 
in single frequency parallel channel GALILEO 
receivers. The distortions of the receiver’s front 
end phase according to the frequency results in 
variations of the final group delay according to 
the signal’s Doppler, slightly different from one 
satellite to the other. This effect depends on the 
signal PSD efficient bandwidth, and of the 
corresponding front end phase variations within 
these frequencies. However, due to the low 
value of the Doppler offset (<10kHz) with 
regard to the carrier frequency and efficient 
frequency bandwidth, it induces only small 
change after correlation (lower than 10ps.) 
In addition, small asymmetries may be linked to the 
processing implementation, because of subtle 
contributions in the digital sections, especially 
generation of local code and phase in the FPGAs. 



 

 

These errors are generally seen as noise (due to 
changing Doppler effect) and can only appear as 
slowly changing bias in case of very low Doppler 
and Doppler rate. 
Tracking the same satellite through all digital 
channels allows identifying this type of inter-
channel bias. Thus, each channel will take a pseu-
dorange measurement to the same satellite and it is 
easy to compare the results, e.g. with a mean value. 
 
Bias variation with temperature and ageing 
 
The group delay bias and other biases are not fixed, 
but vary with temperature, RF gain and ageing of 
parts and components. Therefore the repeatability of 
calibration parameters is critical and has to be 
handled carefully. It has to be noted that the 
temperature, gain and ageing effects are mainly due 
to analogue devices of the receiver. 
 

Temperature effects:  
 
More critical than ageing effects are the temperature 
impacts which relevant variations may significantly 
evolve according to time and thus need to be 
periodically calibrated. In order to mitigate this 
effect, temperature stable components and also a 
reduction of the use of analogue components is 
recommended. For dual and triple frequency 
receivers it is recommended to use the same sort of 
devices (same manufactured panel) in each channel 
in order to minimize bias deviation between 
channels, and consolidate the repeatability of the 
variation along time . 
 

RF gain effects: 
 

The RF transfer function may slightly change 
according to the level of signal input; this may be 
linked to non linear effect in devices near their 
compression point, or to the variation of phase 
linked to different attenuations stages needed in 
order to provide a normalized RF output level range 
. 
This induces that the level of strong 
externalinterference may impact the group delay and 
therefore should be taken into account in the 
expected group delay bias (calibration) of the 
reference receiver. 

 
Ageing effects:  

 
Significant bias variation due to ageing may be 
observed already at monthly level. Periodic 
calibrations would allow  compensating this effect. 
However due to the complexity of such a calibration 
approaches it will be only the case for high 

performance applications, which require extended 
precise accuracy. 
 
Sampling time synchronization error 
 
The signals sampling synchronization error is 
another relevant contributor to the inter-channel 
group delay uncertainty, that is also magnified by 
the iono-free amplification factor (~3,7 for L1-E5) 
and may result in non-compliance to requirements.  
 
Since, according to the current TUR design, the L1 
and E5 channels are implemented in two separate 
processing boards, a sampling synchronization error 
has to be involved in the assessment of the group 
delay uncertainty. Due to the jitter of the sampling 
clock distribution (contributions linked to wiring, 
clock wave front), the synchronization error has 
been specified to be not greater than 200ps. As such, 
this single error contribution will reach up to 0,74ns, 
making thus the synchronization error a major 
contributor to the iono-free residual correction error. 
On the other hand, this IONO free error implies 
severe constraints for the synchronization of the 
digital processing performed by the two separated 
core modules 
Furthermore, to the previous bias error (which 
demonstrates the non compliance), it should be 
added: 

- the impact on the iono-free correction of the 
dispersion of the RF group delay linked to the 
difference of the signal Doppler (linked to the 
filters "ripple"),  
- the contribution to the iono-free correction 
error of the remaining error of the RF GD 
correction,  

These contributions are assessed in the following 
section. 
 
Bias linked to the iono-free compensation 
 
Since the dual frequency measurements contain also 
the receiver inherent group delay, the inter-channel 
group delay characteristic of the receiver has to be 
involved in the ionospheric delay estimation 
 
In principle, for navigation purpose only, the 
common group delay sources (RF GD, receiver 
clock bias, antenna phase centre) are not relevant. 
Therefore, the iono error is generally seen almost 
completely reduced by the iono-free processing, as 
far as constant and identical RF differential 
frequency bias is ensured at short term (since the 
same amplification factor shall be applied to the 
differential group delay, assumed constant). 
However, due to the filter ripple and the different 
satellites’ Doppler, the inter-frequency differential 



 

 

group delay will present slightly different values 
from one satellite to the other. In addition, the 
antenna itself shows different inter-frequency group 
delays (and carrier phases) according to the 
satellites’ LOS elevation 
The dispersion of the combination of these 
differential group delays will be in fact amplified by 
the iono-free computation that will directly 
contribute to the UERE and PVT error budgets. 
In addition, when Code-Carrier smoothing is 
implemented, the dispersion according to the 
satellites of the RF code-carrier phase inter-
frequency stability during the CC integration period 
is a relevant parameter that must be accounted.  
The dispersion of the differential code-carrier phase 
refers to the dispersion according to satellites of the 
RF biases between two channels tracking the same 
satellite on the two frequency channels.  
An assessment of the inter-frequency CC for 
different Doppler, as per figure 20, shows that the 
effect is quite low (a rough estimate of the 
dispersion is 53 ps, 50ps being allocated to the code 
and 3ps to the phase). 
 
The pseudo-range (PR) resulting from the "iono-free 
L1/L2" combination is : 
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Therefore, the inter-frequency code-carrier 
differential error (due to the RF channel distortion 
only) doesn’t provide significant error. 
 
2- THEORETICAL APPROACH 
 
RF transfer function impact on group delay  
 
The RF group and phase delay bias and stabilities 
are major end-user performance driving the design 
of the Galileo (TUS and/or GRC) receiver aimed to 
contribute to the system performances and 
validation. Such requirements directly impact the S-

curve bias (absolute, variation, differential) of the 
raw measurements (pseudo-range, and phase) 
 
In that aim, it is relevant to raise that none of these 
biases are purely based on monochromatic 
behaviour of the receiver “transfer function”. 
Indeed, the received signals are based on “broad-
band” modulations and on the receiver’s S-curve 
behaviour as achieved after correlation of the 
received signal (after filtering within the antenna 
and RFFI) with the local copy of the pure 
transmitted code).  
Therefore, the code delay and carrier phase, 
assessed after matched filter, will result from the 
spectral integration of the code spectrum power 
density, once filtered through the RF transfer 
function. 
 
The output of the correlation stage by the local 
signal replica can then be expressed in a simplified 
way as: 
 

( )[ ] )()( tt lrRFS SSH
R

ÄÄ=G  

where, 
HRF(t) is the impulse response of the RF 
stage (including antenna, PA & RFFI) 
Sr(t) is the received signal (here reduced to 
its spreading code), 
Sl(t) is the local code (here supposed to 
perfectly match the received signal) 

 
Then, previous expression can be also written as: 
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Its Fourier transform is then: 
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In a simplified approach, the RF transfer function 
can be summarized by two intermediate ones; hPA(f) 
for the preamplifier and antenna, hRFFI(f) for the 
receiver: 
 

( )dffjffhfh SRFFIPASR �
Â

´´´=G tpgt 2exp)()()()(

Under the assumption that the RFIF filter bandwidth 
is narrower than the PA one, the spectral area of 
integration can be limited (as a simplified approach) 
to each of the “receiver input bandwidths” (Bw-s) 
allocated to each signal services (E5a, E5b, E6, L1). 
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3- S-PARAMETERS MEASUREMENTS AND 
QUALIFICATION  
 
Test setup  
 
The S-parameters measurements of the receiver’s 
RF analogue parts are done in one step (from the FE 
input to the IF output), using a mixer and an 
external local oscillator (see procedure hereafter)  
 

 
Fig.3 : RF end-to-end S-parameter measurement setup 
 
The SAW filter temperature variation test is 
performed at rack power-on. It is controlled and 
monitored by a core module board. The RFFE 
temperature is measured using built in temperature 
sensor and additional temperature probes.  
The following figure 4 shows the SAW filters 
temperature according to the thermal chamber one; 
The temperature variation of the other sensors 
“follows” the external temperature variation. 
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Fig.4: SAW and probes variations according to thermal 

chamber temperature 
 
Using the transform function of the network 
analyzer, the Gain Vs. time curved is displayed, 
showing the Triple Transit Echo (TTE) of the SAW 
: 

 
Fig.5:SAW filter transfer correlation function 

 
Using a time gate between 200ns and 1500ns, the 
TTE (high order oscillations of transfer function) 
can be eliminated in order to provide a more 
accurate assessment of the group delay and carrier 
phase behaviours. On this way, the impact of the 
SAW TTE can clearly be seen on the group delay 
analysis: 

 
Fig.6: Time gating improvement of GD noise 

 
Taking into account the following psd formula for 
computing the group delay (as defined in the 
following sections) and based on the assessments of 
the above amplitude and phase dispersion, it is 
possible to assess roughly  the impact of the sole 
random contribution of the hRF(f) transfer function 
(for the current and previous S-parameters sets) 
 
 L1 E6 
 GD 

error,ps 
Phase 

error,deg 
GD 

error, ps 
Phase 
error, 
deg 

1 sigma 
error 

8 0,3 14 0,2 

Table 1 : Group delay and carrier phase assessment 
overall accuracies  

 



 

 

Based on the current measurements, the above 
assessment of the final accuracy is around 10 to 
20ps  (~0,5° for the phase); however, the 
demonstration of the repeatability of such 
behavior remains to be done, since it appears 
that the above tentative values might 
significantly vary according to the random 
occurrences of the measurement noise errors. 
 
RF distortions stability 
 

RF stability according to frequency 
 
The in-band stability of the RF transfer function 
(S21amplitude & phase) according to frequency is 
required in order to mitigate the group delay 
variation according to temperature change and AGC 
changes. 
It is simplified criteria that allows to keep confined 
the group delay and carrier phase changes measured 
by the DLL and PLL discriminators, as well as the 
coherency between the carrier phase and the group 
delay.  
In line with that, it is a mean to ensure the 
repeatability between the different recurrent units. 
Current PIDS req. states +/- 1dB flatness, to be 
understood as 2 dB peak to peak between the 
extreme points of the BW at a temperature of (55 +/- 
4)°C. 
It is a common opinion that this req. is demanding 
considering that this stability is required over a high 
variation of total gain (40 dB), over the range of 
temperature (4°C) and also over the different RF 
boards to be manufactured. The stability of the 
transfer function is an important issue because 
otherwise the ripple in the RF chain would have to 
be compensated within the signal processing 
through an expensive and time consuming board-by-
board calibration. 
The following figures show the results of the RF 
transfer function measurement for the preliminary 
consolidation of the flatness achievement. Above 
the assessment of the RF distortions, these S21 
parameters measurements realized for all the 
frequency channels, , provide the baseline material 
for the assessment of the contribution of the receiver 
to the S-curve bias (delays and carrier phase bias) 
for each Galileo signal structure. 
 

 

 

 
Fig.7: S21 phase and group delay  according to RF 

temperature 

 
Fig.8: S21 amplitude according to AGC gain 
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RF repeatability  
 
The S21 phase is shown here after, after removing 
the mean group delay bias contribution, according to 
6 different measurements, in the same stabilized 
thermal environment. 

L1 phase repeatability
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Fig.9: S21 phase repeatability 

 
The phase low frequency noise variation is 
correlated from one measurement to an other one; 
the high frequency phase noise error is around 0,6 
deg (pp). 

L1 amplitude spectrum density repeatibility
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Fig.10 : S21 amplitude repeatability 

 
The low frequency amplitude variations look 
enough correlated from one capture to another one; 
the higher frequency noise error is around 0,1dB. 
 
4- RF DISTORTION IMPACT ON 
CORRELATION LOSSES 
 
Signal based only correlation loss 

 
The signal correlation loss (SCL) is defined as the 
loss of signal power at RF out put due to the RF 
distortion, tightly representative of the distortion of 
the signal correlation function. 
The following formula presents the signal power 
degradation linked to the RF transfer function : 
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with, 
c(f); code spectrum, 
hRF(f) being the normalized RF transfer 
function (maximum equal 1) 

 
The following table show the SCL computed on the 
basis of the S21 measurements: 

Signal input Correlation Losses according to  tempe rature
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Fig.11 : Signal correlation losses versus temperature 

derived from S21 parameters 
 
The SCL are lower than 0,5dB; the worst cases are 
shown in the case of L1A and E6A extended BOC 
modulations 
The  SCL criteria is an averaged power criteria 
significant of a degradation of the in-band flatness 
that affects the shape of the signal correlation. It can 
affect the acquisition robustness, by increasing the 
risk of missed detection during the acquisition step. 
 
SNR based correlation loss 

 
A more usual definition of the correlation loss is 
given according to a signal to noise point of view. 
 
In fact, 2 criteria can be defined in order to assess 
the impact of the RF distortion: 
- the SNR ratio between the correlation output 

and the RF input, under the assumption of an 
ideal matched filter, including the RF transfer 
function in the local code, 

- the SNR ratio between the correlation output 
and the RF input, under the assumption of a 
matched filter, assuming ideal local code only. 

 
a) Ideal match filter: 
 
In the case of an ideal matched receiver, the 
correlation loss might be understood as being 
entirely supported by the digital processing which 
performs the correlation between the received signal 



 

 

and the local code. However, the analogue chain 
distorts the received signal due to its own transfer 
function  (according to phase and amplitude), and as 
such its contribution to the correlation loss needs to 
be defined and allocated. 
The remaining receiver’s contribution to the 
correlation loss is linked to the digital processing, 
mainly through the adequate encoding of the local 
code according to the “expected” signal to be 
processed. 
However, due to the fact that he local code involves 
the RF transfer function contribution, it can allow to 
mitigate the code and phase bias, at the price of a 
remaining CN0 degradation. However, this 
approach is not selected for current processing 
architecture due to the number of additional digital 
bit levels that is necessary for properly encoding the 
RF transfer function. 
 
b) Code only match filter: 
 
As per almost all receivers, in that case, the local 
code is a BPSK/BOC code that reflects the 
transmitted signal; in that case, the defaults of the 
RF transfer function directly affect the receiver 
performances in term of CN0 degradation, and 
induces code and carrier phase bias. 
The criteria is based on the realistic assumption that 
the local code matches the ideal input signal without 
taking into account the RF distortion (and filtering 
in the satellite RF stages).  
During the signal acquisition phase, the maximum 
of the correlation value determines the delay that 
approximates the signal-received time. Due to the 
RF distortions, group and carrier phase delay bias 
will be added to the true signal measurements. After 
correlation with the local code, the correlation loss 
has to be determined for that delay that maximizes 
the correlation level output, involving the 
measurement biases (reflecting thus the CN0 that is 
available for the measurement). 
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This definition also fits to the classical definition of 
the “cross correlation coefficient” that is generally 
applied to assess the level of correlation between 
two signals. 
The following figure shows the evolution of each of 
the CL definition according to the temperature, for 
each Galileo signal: 
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Fig.12: SNR_Signal correlation losses versus temperature  
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Fig.13: SNR_Signal correlation losses versus AGC gain  
 
Whatever the criteria, it is shown that the RF 
function has a low impact on the SNR degradation.  
 
5- RF DISTORTION IMPACTS ON MEAN 
GROUP DELAY 
 
The previous figure 7 shows that the (p2p) spectrum 
GD varies from 805ns to 840ns (mainly due to the 
SAW filter GD) according to frequency; this 
variation is linked to the phase residual non-linearity 
already observed on the previous phase spectrum 
figures.These curves don’t allow identifying 
significant GD variation, either according to 
temperature, or from one RF channel to another. 
 
However, standard receivers perform the satellite 
time delay assessment searching the maximum of 
the correlation function based on dedicated Time 
estimator (DLL discriminator), which in fact can be 
derived from a Fourier transform of the RF 
spectrum behavior. 
Without any assumption on the receiver Time 
estimator and following a rough approach, the mean 
group delay can be simply assessed from the 
transfer function (S21) through the mean phase 
slope (averaged) at the bandwidth center frequency. 
This allows deriving a first assessment, which is 
mostly representative of the RF GD bias in the case 
of narrowband signal centered on the carrier (BPSK 
simple). 



 

 

 
Figure 14 shows the resulting behavior of the 
averaged group delay according to the temperature, 
for the different RF channel. It is shown that the 
variation of the assessed GD is lower than 1ns (p2p) 
within the stabilized temperature variation range 
(6°C). 
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Fig.14: Mean group delay bias versus temperature 

derived at RF output (IF) 
 
6- RF DISTORTION IMPACTS ON 
S_CURVE BIAS 
 
The analysis is limited here to the case of a simple 
Early-Late discriminator; it can be extended on a 
similar way to the  DDC discriminator used in the 
TUS receiver for monitoring the multi-paths.  
 
In the theoretical case that the E-L discriminator 
implies an ideal matched filter, including the RF 
distortions, the group delay bias estimator can be 
expressed according to the RF S21 parameter and to 
the code spectrum, on the following way: 
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In the real case of the E-L discriminator implying a 
local code matching the transmitted code only 
(excluding the satellite RF effect), and without RF 
distortions at the replica level, the group delay 
estimator  can be expressed on the following way: 
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with, 
Tc : code chip duration 
dt  : early-late discriminator half delay 
c(f) : code spectrum 
hRF(f); normalized (amplitude) RF transfer 

function 

� (.) means the real part of the complex 
expression. 
 
GD variation according to discriminator chip 
spacing (d):  
 
The code discriminator output is sensitive to thermal 
noise and this sensitivity depends on the correlation 
function shape. In turn, this correlation function 
shape is closely linked to correlators spacing and 
analogue filtering impact.  
 
A constant (frequency independent) group delay is 
common to all signals/frequencies and is removed 
together with the receiver clock bias in the 
navigation algorithm. However, in case sinusoidal 
terms are present, the group delay is varying (non-
constantly) for different carrier frequencies and over 
the signal bandwidth.(especially for a wideband 
receiver), and introduces group delay bias (GDB) 
errors. 
 
In the following figure the GDB variation for a 40 
MHz bandwidth receiver and the different signals’ 
modulation and carrier frequencies are shown as a 
function of correlator spacing: 
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Fig.14: Group delay bias versus. correlator spacing (d) 

 
The RF group delay distortions with fine structures 
(relative to the signal bandwidth) are less harmful 
(more noise like) than coarse structures, because of 
the averaging effects of auto-correlation over the 
signal bandwidth. 
 
GD bias according to temperature: 

RF Group delay at correlator output according to te mperature  
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Fig.15: S-curve group delay bias versus temperature 



 

 

It can be observed that: 
-  the final group delay variation remains lower 

than 1,2ns (p2p) within the specified 
temperature range Complementarily to the 
dispersion linked to the frequency channels, the 
various signal psd shapes generate an additional 
group delay diversity, 

- the same RF channel processed with different 
codes presents significant group delay 
differences (the overall S-curve bias effects 
must consider RF distortion together with signal 
spectrum), 

- the E5aQ and E5bQ GD bias are slightly 
different since the preamplifier filter and RFFE 
filter distort differently E5aQ and E5bQ signals. 

 
There is a significant difference between the rough 
assessment of the group delay at RF IF output , and 
the one identified at correlation output; if needed, 
the calibration table should be computed on the 
basis of this latter assessment (S-curve bias after 
correlation) 
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Fig.16: Mean GD compared to S-curve GD bias versus 

temperature 
 
Inter-frequency GD bias according to 
temperature: 
 
The following Fig shows the RF inter-frequency 
group delay bias according to temperature: 

Differential RF interfrequency Group delay stabilit y according to temperature
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Fig.17: Inter-channel group delay versus temperature 

 
The inter-frequency group delay variation according 
to temperature is around  150ps. In the case of 
accurate Timing receiver (based on L1C/E5b), such 

a variation will provide an additional time drift after 
iono-free correction that will affect the stability of 
the 1PPS_out synchronization with the GST epoch.  
 
For the TUS Timing case, the repeatability of such a 
variation being confirmed, this result could allow to 
reduce the calibration to one single measurement set 
per RF channel (for instance at the middle 
temperature), in order to provide a calibration valid 
in the full temperature range  
 
GD bias according to signal Doppler: 
 
The following figure shows the impact of the signal 
Doppler on the group delay bias, in the 10kHz case, 
for each frequency channel; this gives the maximum 
GD differential bias due to the RF between two 
received satellites on the same frequency channel. 
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Fig.18: Differential inter-channel GD bias assessed at 

DLL discriminator output 
 
The maximum GD bias  is around 3ps, thus 
consolidating the fact that the narrower signal psd, 
provides the higher sensitivity to the “local” psd 
distortions of the front-end.  
 
Code-carrier phase coherency according to 
temperature 

Code-Carrier phase coherency according to temperatu re
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Fig.19: Code-carrier coherency versus temperature 
 
 



 

 

Interfrequency CCC bias according to temperature
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Fig.20: Inter-frequency code-carrier phase coherency 
versus temperature 
 
Code-carrier phase coherency according to 
AGC gain 
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Fig.21: E6A Code-carrier phase coherency versus 

temperature 

 

Interfrequency CCC bias according to RF gain
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Fig.22: Inter-frequency code-carrier phasecoherency 

versus AGC gain 
 
Significant GD and CCC stability degradations are 
linked to the impact of the RF gain (AGC tuning), 
probably due to the variation of the GD of the IF 
attenuator according to the gain. 
The impact is around 600ps (p2p) which exceeds the 
expected stability. Complementary investigations 
are under progress in order to verify the phase bias 
behavior of the digital attenuators used at IF and RF 
levels for performing the AGC tuning, and to 
evaluate their impacts on the final GD bias. 
 
 
 
 

7- CONCLUSION 
 
The group delay and carrier phase bias of the 
receiver analog layer (involving the RFFE and RFIF 
boards and the digital processing front-end, as well) 
can be calibrated in laboratory environment thanks 
to the S-parameters measurements within an 
accuracy of ~50ps. The preliminary results show a 
good group delay and carrier phase bias stability 
(~150ps pp) according to the temperature (the 
receiver thermal environment being stabilized 
within 6°C), but a higher sensitivity according to the 
RF gain variation (linked to the level of interference 
environment). The deterministic contribution of the 
Core Module digital processing to the group delay 
can be precisely derived from the sequencing of the 
data handling from the input data up to the GST 
computation. Therefore, the receiver group delay is 
expected to be precisely calibrated in laboratory 
conditions, at least within the accuracy initially 
assessed (3ns @1 sigma, allocated to the antenna, to 
the RF layer and to the digital layer).  
 
This characterization will be extended in the frame 
of the TUR development for FOC in order to take 
into account the latest Galileo SIS flexibility, 
including C-BoC, M-BoC and additional BoC(n,m) 
configurations. Such a dedicated RF calibration will 
be used as a reference for the validation of an end-
to-end calibration, based on an external SIS RF 
simulator and a precise one-PPS output, for further 
timing applications. 
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