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Abstract

When performing carrierphase measurements, the measurement eoffecting the
observations reflects two contributions, originating from the thermal noise of the RF signal
received at the antenna and from the stability of the local oscillator over the integration time,
since normally some form of phadecked loop (PL) is used for carrier recoveryThe order of
the PLL (and the bandwidth) determines the amount of the oscillator contribution to the
measurement noise for a given oscillator frequency stability (or, since the integration time is
generally less or equaltl s, to its phase noise)Therefore, it is important to understand the
mechanism by which the local oscillator instability is transferred to the cardrase
measurement noise and select a proper oscillator to minimize such a contribution.

In the pape, we will address these issues, providing examples that guide the selection of the
local oscillator. A practical example of implementation will be discussed, where a-tost,
high-stability OCXO has been disciplined to a Rb frequency standard to prouigeoved
stability over the integration times of interest in order to minimize the noise for carplease
recovery.

CARRIER -PHASE TRACKING AND LOCAL OSCILLATOR
CONTRIBUTION

In the following, our aim is to define a model, and determine the catiois, for the stochastic errors
affecting the performance of the typical GPS (GNSS) receiWe. will consider errors on pseudorange
and carrieqphase measurementsnder our assumptions, we will consider the receiver as a measurement
instrument, withthe targebf providing the required measurement (carrier phase or pseudorange) with the
best precision.

Considering pseudorange and carpbBase measurements, we realize that both are affected by the
received signalo-noise ratio, by the receiver imphentation (and corresponding implementation losses

as respect to theoreticadind by the local oscillato. et 6 s st art by | o otkioisegy at
ratio.
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RECEIVED SIGNAL -TO-NOISE RATIO

The level of the received signal is a functiontbé transmitted power and the attenuation over the
propagation path between the satellite and the recelrer.transmitted power is assumed constant, while
the propagation attenuation will be a function of the relative position between the satelliteeand
receiver. The following parameters apply:

Tablel. GPS transmission parameters

Parameter ‘ Units L1  L1P L2P‘
C/A
GPS satellite dBm 45.2 45.2 35.2
transmitted power
Code sharing loss | dB -1.8 -4.8 0
GPS satellite dB 12 12 12
antenna gin

The effective radiated powé,q is the algebraic sum of the above parameters:

Pad:Pt

r

L +G

x — =sharing antenn
If the geometric distance at the time tpi&), the freespace propagation attenuatiop.dcan be computed using

different (butequivalent) formulas, widely available in the literature:

(1) Lfee=20-l0g,,(f - p)+92.45
where: f is the carrier frequency, in GHz,
p is the slant range in km, and

Liee IS the freespace propagaticattenuation, in dB.

An equivaént formula is the following (froref. [2], p. 45)

(2) Lfreez[ﬁj
TP

where: ), is the RF carrier wavelength, in m,
p is the slant range, in km, and
Lyee IS the freespace propagation attenuation, araersionlessratio.

The latter can be easily converted in dB as follows:
Lfree(d B) =10. IOglO( Lfreg

In addition to the frespace propagation attenuation, we must consider an additi2rd8 attenuation due to the
interaction of the electromagnetic wave with the atmospfabsorption). Therefore, the effective received signal
power will be the effective radiated powery minus the freespace attenuation los.e. minus the atmospheric

attenuation_zmosph

P.=P,,—Ly.—L

rx ra

free atmosp (m dBm)

Example: For a GPS satellite, a ssume an effective radiated power of 45.2 dBm,

1 without L2C
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a code sharing loss of -1.8dB , and an antenna gain of 12 dB: the effective
radiated power is 55.4 dBm.

Given a slant range of 25149.567 km, at the L1 frequency (1575 MHz) the

free - space propagation attenuat ion is - 184.406 dB, and the received signal

power level is -129.006 dBm, to be further reduced by ~- 2 dB because of
atmospheric attenuation, so that the effective received signal level at the

receiver antenna will be -131.006 dBm.

The receiving antenna tets the signal with a gain that is a function of the polar radiation diagram of the
antenna itself.If the elevation angle for the satellite is E, the corresponding antenna gajii £ @Gve
assume thigs a function of E only). Therefore, from geontec considerations based on the relative
position of satellite and receiver, E can be computed apdEEdetermined.

The input signal power to the receiWy at the antenna outplis again the algebraic sum of the received
signal levelP,, in dBm ard if the antenna gain, in dB:

P = Pt Gon(E)

Example: following the previous example, assuming P wx = -131.006 dBm and an
antenna gain of i 3 dB at 5° elevation, the signal power P in at the output of
the receiving antenna will be P n = -134.006dB m

The noise at the input of the receiver is a complex function of many parameters, including the antenna
noise temperature, the attenuation introduced by the cable connecting the antenna to the receiver, the gain
and noise figure of the lowoise amplifer (LNA) that follows the antennand the noise figure of the
receiver itself. To simplify, we can consider a single parameter, generally provided by the manufacturer,
that characterizes the noise performance of the receiver with respect to an &leaft.rec

This parameter is the receiver noise equivalent temperafye dnd we assumgfor instance, that Jise

= 238.941 °K. This value is everything we need, assuming that the noise temperature of the antenna, the
noise figure of the LNAand thelength and characteristics (attenuation) of the antenna cable remain
constant.

From the equivalent noise temperaturgsd it is straightforward to compute the equivalent noise power
spectral density Bse that can be regarded as the equivalent nmgeer in a unit bandwidth (1 Hz):

R oise— 10- |Og lO(Tnoise' k) in dBW

P oise=10-109, o(T, pise' K) +30 in dBm

noise

where k =1.3807-10"?% is the Boltzmann constantFor Thyse = 238.941 °K, the corresponding noise power
spectral density is174.816 dBm/Hz.

Now, the ratio C/N (in dB/Hz) between the signal (carrier) and the noise will be simply the difference between the
available signal power;P=-134.006 dBm and the noise poweggR=-174.816 dBm/Hz:

2 For the time being, we consider the antenna output as the input of the receiver, assuming that the cable connecting the anten
to the receiver as an integral partiod receiver itself. The reason will be apparent in the discussion that follows.
3 This is a value measured for a very good geodetality receiver, and applies both to L1 and L2.
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C/N,=R,-PR

noise

=-134006+174816=40.81dB/Hz

For an ideal receiver, this wa is not degraded by the receiver implementatidn. practice, a real receiver
introduces implementation losses with respect to the mechanization of an ideal receiver, a degradation which is due
to losses in the amplification, mixingand sampling circts. This additional degradation is known as
implementation los&impemand results in a further degradation in the g@&tio. Assume thatypem=-3 dB. Then

the effective C/lyratio will be less than theoretical because of this implementation loss:

(C/ No)effective= Rn - Pnoise_ Limplerr
=37.81dB/Hz

This is the value o€/N, (in dB/Hz) thatwe will use in the following. For a given receiver, where the majority of
the abovementioned parameters can be considered as constant, this value will be a function of the slamidrange
elevation angle (for the antenna gain).

ESTIMATION OF THE NOISE AFFECTING THE CARRIER-PHASE MEASUREMENTS

The noise affecting the carriphase measurements can be estimated by generalizing the theory efopkade

loops (PLLs), since we caronsider the receiver as using some form of a Costas loop to reconstruct the suppressed
carrier. It can be shown that other methods (based, for instance, on the squaring of the signal to recover the
suppressed carrier) produce theoretically equivalentltsgsand therefore the results that are presented in the
following are implementatioindependent (except for the implementation losses introduced by the practical
implementation, obviously).

The noise affecting the phase measurements on the recoveried cansists in the sum of two contributiotise
thermal noise affecting the RF input signal and the stability of the local oscillator (since any phase measurement is

always relative):
_ |2 2
Gphase_ Gthermal_'_ 0o

The two contributions will be separatelyadyzed.
CONTRIBUTION DUE TO THE STABILITY OF THE LOCAL OSCILLATOR
The time error (jitter\t produced over an intervalbecause of the instability of the local oscillator is:

At(r)=7-0,(7) (in seconds)

where oy (r) is a measure of the frequency instability of the oscillator expressed as the Allan variance of the

fractional frequency fluctuatiofis For a phaséocked loop, the characteristic time interzatan be considered as
the inverse of the loop bandwidth:B

where weare for the time being, negleéhg the loop filter actual transfer function and considgran ideal
response:

41.e. AfF.
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o,(r
BL
SinceAt is expressed in seconds, we transform to radians, considering that:
At Ag
P 2r

1
whereA¢ is the phase (angle) error correspondingtioP is the period of the signal anfd = E is the frequency
(carrier) of the signal Since we consider the Allan variance (or its square root, the Allan deviatiarmneasure of

Af
the fractional frequencyf— instability of the oscillator, its value is not affected by frequency multiplication or

phaselocked circuits that upor downconvert the frequency of the local oscillator, except for impleatimt
losses that we will consider negligible in this particular case and feéintedeing. Then:

and, replacing in the previous equation:

_ 2r-f.0,(7)

B,
, - — 360 .
and finally transforming in degrees, singeg[deg]= 2—-A¢[rad] :
7T

(in radians)

Ap

_@'Zﬂ'- f-o(r)

Ag
2r B (in degrees)
- 360.m
L
To obtain the equivalent noise in mm, assuming31¢ m-s, Agéd;g]zij(, where) is the wavelength, since
2= S, we obtain:
f
f.
szi.Aqb:i.SGO.ﬂ:
360 360 B,
_c f-o(r) co,r)
f B B
whichis equivalet to:
Axe y) 'A¢:i~360- f.o,(7) _c. f.o,(7) _ c-o,(zr)
360 360 B, f B, B,

We have so far considered the ideal behavior of a sthome local oscillator over a suitable time intervaln
practice, the phadecked loop performances improve significantly for a second or third order loop, whéevere
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Table Il. Noise for secondnd thirdorder loops.

Order Noise [degrees] Noise [mm]
of the
loop
Third- f.o,() .
order Ag =160- B, szi.lﬁo.m
360 B,
f.
- ° 160 — 2
360 f !
zzﬂ c-o,(r)
9 B
Second fo,(r) .
order Ap=144 =5 Ax:g.c o,() =
360 B,
c-o,(t
_04.5%)
BL

Example: Assume that the phase measurements are obtained with a loop

bandwidth B | =1 Hz. If for 1 = 1 s the stability of the local oscillator,

as fractional frequency deviation (Allan deviation) is o, (r)= 5-10_12, then
the contribution to the no ise of the carrier phase measurement due to the

local oscillator is Ax = 0.67 mm for a third - order loop.

CONTRIBUTION DUE TO THE THERMAL NOISE

For a highperformance, geodetiquality receiver, the carrier recovery loop and associated phase measureme
circuits will produce a measurement time series affected by a jitter that can be estimated as follows:

o, :3760. B¢ A1+ 1
thermal™ 57\ C/IN, 2.CIN,-T

in degrees, where:

B, is the loop bandwidth (assume tbe moment B= 1 Hz)
CINg is the signal (carriefjo-noise power rab, expressed as a ratid.o obtain this value
from the value in dB obtained previously, as a function of slant range and eley

use the relationship
C/Ny[dB/HZ]

C/N,=10 1

Therefore, if C/N = 37.81 dBwe have as a ratio between the signal amide power
C/No = 6039.49 and this is the value that should be used in the above equation

T is the predetection integration time [in s]; for the majority of GPS comme
receivers, this can be considered as T = 20 ms

Example: Following the previous example and considering the values
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obtained so far, we have: C/N o =37.81dB/Hz, T =20 ms , and B, =1 Hz. Under
these assumptions, the thermal noise contribution to the jitter affecting

the carrier - phase measurements is Ax = 0.39 mm. Notice how this val ue is
significantly less to the contribution due to the local oscillator with a

frequency stability of o,(r)=5-10"?at 1 s, that is already a very good

frequency stability. Adding the two contributions, respectively , dueto the
local oscillator instability and to the thermal noise, the resulting jitter

affecting the carrier - phase measurements results in 0.773 mm, where the

dominant term is due to the local oscillator.

PSEUDORANGE MEASUREMENTS NOISE (CODE, SSPRN)

Two models will be consided: the first to estimate the theoretical performance that can be obtained from the GPS
code measurements using a Minimum Value Unbiased Estimator (MVUE) and the second to estimate the
performance that can be obtained by a digitaltcmmerent EaryminusLate phasdocked loop.

MINIMUM VALUE UNBIASED ESTIMATOR [MVUE]

Make use of the following relationship (&ef. [6], Eq. 221, p 137):

O-codeMVUIi m] =

where:

W, is the signal (code) bandwidth (W 1.024 MHz for a typical receiver)
CI/N, s the signal (carriefjo-noise power ratio, expressed as a ralio.obtain this value from the valu

in dB obtained previously, as a function of slant range and elevation, use the relationsh
C/Ny[dB/HZ

C/N,=10 1

Therefore, if C/N = 37.81 dB we &ave as a ratio between the signal and noise poweg €/
6039.49 and this is the value that should be used in the above equation

T is the integration (observation) time for the signal [in s]; let T= 0.02 s
k is a constant:
e k=512.16for the GPS C/Aode
e k=512-18for the GPS P code
c is the speed of propadgation of the 1ight

W, k and T can be considered constant parameters, whilgsBiild be computed from the slant range and the
elevation, the latter to keep into account theana gain.

Example: Following the previous example, let C/N o =37.81 dB/Hz, W . =1.024

MHz, T = 002s , and k = 512:10 3 (C/A code) ; the jitter affecting the
pseudorange measurements is 0.27 m.

DiGiITAL NON-COHERENT fi BRLY -MINUS-LATEO PHASE-LOCKED LooP

The equation (cfRef. [1], p. 14) models the jitter standard deviation for a digital-nooa h e r e nt AEar |
minusL a t e 0-logkédadospe
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2

OpLL =

o .sd |+ S
2. > (2-d)->.T
NO NO
where:

B, is the loop bandwidth (I8, = 10 Hz)
SIN is the signal (carrierjo-noise poweratio, expressed as a ratido obtain this value from the value

in dB obtained previously, as a function of slant range and elevation, use the relationshi
C/No[dB/HZ]

C/N,=10 °
Therefore, if C/N = 37.81 dB we have as a ratio between the signal avise power C/N=
6039.49 and this is the value that should be used in the above equation
T is the predetection filter integration time [in s]; Tet 20 ms unless otherwise specified
d is the correlator resolution, expressed in chips of the RiRl¥.c

Multiplying the above result for the chip period and for the value of the speed of light ispfiee we obtain the
standard deviation on the pseudorange measur&ment

BL
2.

d 1+ 2
S (2—d)~§~T
N N

0 0

op[M=0p, -T,-Cc=T;-C:

where: T, is the chip periodT; = 1/1.024 MHz for theC/A code)
c is the speed of light in fregpace

Example:  Following the previous example and using the same parameters, C/N 0o =
37.81dB/Hz, T . =1/1.024 MHz, let B L =10 Hz and d = 0.14 (C/A code); then
the jitter affecting the C/A code pseudorange me asurements is 3.18 m.

The above equation should not be used f@mo&e measurements on commercial geodetic receivers, since it will

certainly provide optimistic results. The decrease in the chip peripd @10.24 MHz for the P code) is only

partially ompensated by the change in $ratio, generally aroun® dB at low elevations, while the equation does
notaccoutf or t he i mpl ementalteosnd | ossreesl atuieon ot dictordieques us
significative increase in the impteentation losses, as will be shown in the next section.

| MPLEMENTATION L OSSESFOR CODELESS P2 TRACKING

A description of the existing techniques is given in the excellent paper by Woo0[5]. The implementation loss
for the most commdy used tehniques is given inFigure 1). The-tfiAcki ngo appears to be
techniqueamongthose considered.

5 Cf. also Ref[0], p. 169.
& Consider that, for P1, the carrier can be recovered from the C/A code recovery loop; this is not possible for P2 ontL2 withou
L2C.
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Figurel. Implementation loss in P2 codeless recovery (fReh [5]).

For tthreacfkd n g o tween2h and 50wz the loss appears sufficiently linear to justify a
linear approximation to model it:

Loss, =-53+C/N, [in dB]

where bothLoss, and C/N, are expressed in dBThe jitter affecting the carrigghase and the code
measurements nabe estimated using the previous equations by further degrading the implementation
loss of the receiver by the contribution dud.¢ss..

GALILEO CODE TRACKING

L1 BOC(1,1) CoDE ANALYSIS

Galileo performances are expected to be markedly improved hy the use of the BO(L,1) versus the BPSK
modulation used by the GPS C/A code at The advantage is in that, while the useful bandwidth is the same, the
BPSK spectrum is centered around the carrier, while the BOC spectrum is split apart feupphessed carrier
effectively occupying a bandwidth extending from 1 to 2 MHz from the carrier.

The approximate expression for the expected noise at L1 for Galileo(B@Csignal as given iRefs. [7] and[8]
as:

3
® L.

2
1+
V3

C
(2-d)- =T

0 0

d
C

B,
2

A close inspection oEq. (3) shows that the equation is identical to the GPS BPSK performance (except for the term
¢, which simply translates the timing uncertainty into ranging uncertainty) arfddtoe }/f’ which represents the
3

”Now is MBOC.
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expected improvement of the BOC Galileo modulation over the BPSK GPS modulltipractice we expect an
even greater improvement because of the added transmitted RF power from the Galileo satéditeyntributed
to an improved C/jratio. But, as a minimum, we can safely assume just an improvement in performances of a

factor =1.7.
Ve
E5A SIGNAL ANALYSIS

The expression for the pseutinge code noise on E5a is slightly mma@omplex than for the BOC(1,1) at L1.
Again, fromRefs.[7] and[9], the precision of the measurements is given as:

(4)

2
o =T, | ~[%+i1~[d—%) } 12—
2. = 7= 2-d)-—-T
NO NO

As you can notice from a close inspectionEgsk. (3) and(4), the termd at the numerator of the first term under
square root has been replaced by the following term:

el

where b is the normalized freehd bandwidth and we assume asalishat B-T << 1.

The conclusions of the previous analysis are summarizédbie Ill. The values reported are those computed in
the numerical example used in the previous sections, corresponding to-aagerstxample (low elevation).

It is clear hat the selection of the local oscillator is critical to the precision in the cphréee measurements; notice
that, even with a stability of 5-1f the dominant contribution to the carrgiase measurement noise remains the
local oscillator. The corributions (local oscillator and thermal noise) become equivalent only for a stability close to
1.10" where both are in the order of 0.4 mmherefore, it is very important tensure the stability of the local
oscillator under these circumstances wadégrade, as far as possible, the precision of the measurements.

10 MHz
output

High-stabiliy Rb Atomic Frequency Standard
10 MHz 10 MHz RAFS

Control “Time constant of the loop
voltage between 10and100s

Frequencylphase

digital steering
_Loop [——— Phase comparator
integrator/filter Error signal

HIGH-STABILITY 10 MHz REFERENCE SOURCE

Figure2. High-stability 10MHz reference source (with improved shttm stability in
the 10" region (J= 0.1 to 10 s))

A HIGH-STABILITY LOCAL OSCILLA TOR FOR OPTIMUM SIGNAL TRACKING

From the previous discussion, it is clear that the local oscillator stability affects the performance and the
measurement noise of a geodeati@lity GNSS receiver.In particular SEPA has been tasked, under contudct
Thales Alenia Space ltaly, in developing high stiertn stability and low phaseoise referenced-{gure 7)based
on the steering of a lowoise OCXO to a Rb frequency standaFifj(re 2),to provide ahigh-performance local
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oscillator for GNSS receive applications within the Galileo Test Range (GTR) in Rome.

The phasdocked loop is used to combine the mediterm stability of the Rb oscillator (this is a higkrformance
SpectraTime LPFR®1 Rb oscillator see Figure 3)with the excellent shoitierm stability of a Morion MV89
doubleoven OCXO Figure 4).

Allan Deviation cy(t)

o To=10ms NEQ BW = 500 Hz

10713 | |
10-2 10+ 100 10 102 100
Averaging Time T, seconds
Ch A 10.0 MHz 3.6 V. Ch B 10.0 MHz 2.3 Vyp

Figure3. Rb oscillator, 10MHz output, standglone

Allan Deviation oy(1t)

104 10 100 1o 102 100
Averaging Time t, seconds

Figure4. MV89 OCXO, 10 MHz output stability standalone

The optimum locking piot, designed by an appropriate choice of the loop bandwidth, is at the point in
which the stability of the RB oscillator alone intersects the stability of the OCXO oscillator &igoes(
5).

In practice the pant must be selected by assuming also the degradation in stability of the two oscillators
due to the environmental conditions, and will be generally for a shorter time constant than the one
dictated by stability in optimum conditions alon&his is to acount for the inevitable degradation in
frequency stability when the oscillators operate in-vealld conditions.
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Frequency stability (Rb oscillator and OCXO)

Frequency stabilty

uuuuu
)

Figure5. Frequency stability for a Rb oscillator and a hggability OCXQ

The result is the stability perfamance for the combined oscillator shownHigure 6. The frequency stability
improvement is dramatic with respect to the Rb alone in the region for t <dom 100 ms to 1,dhe stability of

the 10MHz output of the combined oscillator is below 440The data weretaken at INRM in Torino against a
H-maser so the contribution of the local reference is negligible and the plot shows the actual stability of the
combined OCXO+Rb oscillator only.

Allan Deviation oy(1)

o T =10 ms NEOWBW =500 Hz

1

10-2 107 100 101 102 108
Averaging Time 1, seconds
Ch A 10.0 MHZ 3.6 Vi Ch B 10.0 MHz 2.3 Vpp

Instantaneous Phase

Figure6. OCXO locked taRb.

CONCLUSIONS

The optimum selection of the local oscillator for a higlality GNSS receiver is very important and extremely
critical to reduce the noise and improve the precision of cgrhiase measurementg/hen a single oscillator does

not provde all the required characteristics, the solution can still be found by combining more than one oscillator to
achieve the desired results.

The original equipment has been developed with analog circuitry because of an extremely stringent deadline in the
procurement.Work is continuing to develop an advanced, redundant version with digital control and more features.
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Table Ill. Summary of contributions to the noise affecting the cgoliese and code
measurements (GPS receiver).

Measurement

Contributions

Measurement

Dominant contribution

precision (jitter)

Carrier phase | Local oscillator 0.7 mm Stability of the local
stabilityo—y(r) =5.1012 oscillator
Signal thermal noiseC/Ng = 0.39 mm
37.810 dBm/Hz
Pseudorange Local oscillator stability Negligible Thermal noise
(C/A code) o,(r)=5-10"

Signal thermal noiseC/N, =
37.810 dBm/Hz

3+4 m f o+
minusL at e o

c

fi
o

Figure7. High-stability frequency reference, inner view showing Rb and OCXO
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