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clock 

uplink 

downlink 

DSS 

JARGON (CONCLU DEjD) 

precision frequency standard1 , 

radio beam transmitted from the earth to a distant 
spacecraft 

radio beam transmitted from ai distant spacecraft to 
the earth I 

Deep Space Station. FoIIoweld by a number it 
designates antennas within the Deep Space Network, 
as in "DSS 25" 

' I  
I 

I 
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REPRESENTATIVE REFER~~NCES I 

Regarding the method: 

Estabrook and Wahlquist, GRG, 6, 43q j1975) 

Wahlquist GRG, 19, 1 I 0 1  (1 987) 

Tinto Phys. Rev. 11. 53, 5354 (1996) 

I 

I 

I 

Regarding the noises: 
I 

Armstrong, Woo, and Estabrook Ap. ,J. ~230, 570 (1979) 

Armstrong Radio Sci. 33, 1727 (1998) 

less et al. CQG 16, 1487 (I 999) ~ 
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Response of Spacecravft Doppler TrackincJ 

SPACECRAFT 

' I  

I 

- Av 
V 

Earth buffeting f S pace c raf t 
buffeting 

to Gravitational Wave 

I 2 L/c 
S pace c raf t 'Earth buffeting 

- 
I Earth buffeting, 
I transponded 

(1 + cos 0) L/c 
(1 + cos I 0) L/c 

I 
I I 

Earth buffeting, 

Estabrook and Wahlquist, Gem ReZ. Gruv. 6,439 (1975) 

transponded 
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DOPPLER SIGNALS CORRESPONDINI~ TO DIFFERENT 
TYPES OF DISTURBANCE IN THE COMIMUNICATION LINK 

i l  

E 

SfC 
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GWE Estimated Value of #Ck 0, 

Results: 
-- 40 hours of data beginning 2001 -DOY-l S2/T02:00:03.5!% 

- CAPS articulation matian was active aver this /time span 

1 1  
(sampling time is 4 5)  , 

(articulation frequency 0.0025 Hz) 
GWE - Estimated valuie ofOz is = 0.071 ym/s 

= 2,3x-l .(= (Requir 

I 
I SCOAACS - I '  I__ October 2001 8 

I 

, 
' I  

I 



I 

' L  

MAIN NOISES: FREQUENCY STANI&ARD STABILITY 

Spacecraft Doppler tracking is not interferometric'; coherence is 
maintained through the frequency and timing s&m. Thus FTS is 
fundamental 

I 

' I  

I 

Transfer function in two-waly Doppler: 6(t) - 6(t 'f IT2) 

Cassini era LlTSlSCO has excellent stability on in'tegration times 
1-1 0,000 seconds (see Allan deviation plot, due ;to L. Malelti) 

! 

CaJAGWR-I 3 
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LINEAIR ION TRAP STAND~RD (LIITS) 
FRACTIONAL FREQUENCY STABILITY 

I 

-10 1 I I I I 

n 
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=h 
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j i  
! !  
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MAIN NOISES: TROPOSPHERIC \SC I NTI LLAT I o N 

Refractive index fluctuations at microwave freqqencies are dominated by 
I 1  fluctuations of Utne water vapor along the LOS. I 

Transfer function in two-way Doppler: 6(t) + 6(t -IT,) 

Independent measures of the effect available using W R s  (e.g., Keihm 
TDA Prog. Rep. 42-122, I (1995)) 

Operational X-band data can be approximately decomposed into 
tropospheric and plasma scintillation; results cdnsistent with Keihm's 
observations (Armstrong Radio ScL 33, 1727 (Id&)) 

I 1  

Cassini-era Advanced Media Calibrations System will calibrate and allow 
removal of =80% of the wet component; dry component + residual wet 
component will have transfer function 6(t) + 6(t k2) 

CaJAGWR-I 7 
1 1/3/00 
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WVR-CEI Comparison 
DOY 138,2000 
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SUMMARY OF SIGNALS AhlP I NOISE 

Bandpass: low-frequency signals attenuateb due to pulse 

Noise sources: various "2-pulse" transfer functions for clock instability, 
propagation noise (solar wind, ionosphere, troposphere), thermal noise I 1  

' !  
I 

Noise nonstationarity 1 

I 

Systematic errors 

Ca JAG WR-24 
1 q/3/00 
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The Local Group 
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Topics 

Short review of the GWE (what we are doing; why we are doing it; signal and noise transfer 
functions; new instrumentation, etc.) 

Quick-look data: noise statistics 

Some interesting things in the quick-look data 

Propagation noise/media cal data 

Antenna mechanical noise (things that go bump in the night ...) examples 

FTS noise examples 

Spacecraft noise 

Lunar occultation 

Discussion 

qassini Radio Science Teain Meeting 1-9-02 
I 
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Cassini GWE (cont,.) ~ 

Two-way Ka-band supported on the spacecraft (by hardware supplied by Italian 
Space Agency-the "KaT") and on the ground (by the(DSS25 Cassini radio 
science upgrade supplied by NASA) 

Discussion of error budget and sensitivity at: 

ht tp ://www .its.calt ech. edu/-caj agwr/pdf/Ar ms tr oag . pdf 

Discussion of Doppler tracking in context of overall GJV astronomy strategy: 

http://www.its.caltech.edu/^caj agwr/scripts/participating-pro,iects.html I 

Pre-experiment sensitivity goal, after all corrections, ' 

a,(1000 sec) 3 x iomi5 

qassini Radio Science Team Meeting 1-9-02 

http://www.its.caltech.edu/^caj


Quick-Look Analysis 

Quick-look data were two hours/day at DSS 25, selec:te,d to be near meridian 
transit 

High elevation minimizes many problems: antenna mechanical systematic 
effects due to M l  mirror sag, minimum tropospheric noise, dry component 
approximately linear and thus absorbed in 4-paramter orbit fit, etc.) 

PLL of open-loop data to estimate signal amplitude and frequency, solve for 
average velocity, average acceleration, and sinekosine of earth rotation 
Doppler to remove an approximate orbit --> '' rlesiduals" 

Simultaneous X and Kal  ;allows simple estimate of plasma scintillation 
level- time serieskpectra taken also 

Convert AMC tropospheric delays to fractional frequency 
deviations-produce spectra of these to see what the troposphere is doing 

C,assini Radio Science Team Meeting 1-9-02 



DOY in 2001 



I /
 

\ 

I t 0
 
:
 

e
 

* .z 

w
 



r
)
 

I- 
,
 

I 

1 

I 

z 

I 



a3 

u3 
10 

0
 

Lo 
d
-
 

M
 

r
 

T
-- 

.. 
.- E +- 
-c

 
L

 

0
 
e
 

in 1
-
1
-
 

a? M
 

.. 
A

 

0
 

a, 
in 
v
 

i
 

a, 
Lo 

L
c
 

L
c
 

0
 

a, 
E 

.- +- 
-c

 
L
c
 

i
-
l
 

.- in 
a, 
0

 

I 
I

1
 

0
 

I 
I 

I 
r
)
 
7
 

c
 
L
 

0
 

.- 



a3 

u3 
10 

0
 

Lo 
d
-
 

M
 

r
 

T
-- 

.. 
.- E +- 
-c

 
L

 

0
 
e
 

in 1
-
1
-
 

a? M
 

.. 
A

 

0
 

a, 
in 
v
 

i
 

a, 
Lo 

L
c
 

L
c
 

0
 

a, 
E 

.- +- 
-c

 
L
c
 

i
-
l
 

.- in 
a, 
0

 

I 
I

1
 

0
 

I 
I 

I 
r
)
 
7
 

c
 
L
 

0
 

.- 



I 
1 

1 
I 

I 
I 

I 
0
 

U
 

in 
+- 
m

 
.. 
a
 

E 
.- + 
-c

.' 
L
 

+-J 
U

 
m

 

0
 

co 
+- 
a
 

in
 

in
 

cx 

7
 

.. 
Il) 

c
 
0
 

Q
 

0
 

a, 
II 

3
 

fI +
- 

.- v- 

L
 

E 

d
-
 

-4- 

/I 
n
 

N
 
I
 

E E 

W
 

0
 

L
 



4 
c 

3
'

 
I 

3
'

 
I 

'
0
 



I 
1 

1 
I 

I 
I 

I 
0
 

U
 

in 
+- 
m

 
.. 
a
 

E 
.- + 
-c

.' 
L
 

+-J 
U

 
m

 

0
 

co 
+- 
a
 

in
 

in
 

cx 

7
 

.. 
Il) 

c
 
0
 

Q
 

0
 

a, 
II 

3
 

fI +
- 

.- v- 

L
 

E 

d
-
 

-4- 

/I 
n
 

N
 
I
 

E E 

W
 

0
 

L
 



4 
c 

3
'

 
I 

3
'

 
I 

'
0
 



0
-
0
 

0
 

0
 

0
 

C
D

 
N

 

1
; 

1 
i

t
 

l 

v
- 

0
:

 

7
 

-
9
 

-
0
 

m
 I 

-
0
 

-
7

 

t
 I 

-
0
 

0
-
 



0
 

0
 

h
i 

0
 

0
 

ol 

*
. 

n
 

cn 
a, 
-0

 
W

 

4
 

.- E 
.- - c
 
0
 

U
 

> a, 
a, 

.- 4 

-
 

n
 

x
 

0
 

c
 
0
 

W
 

N
 

0
 

i
 

'+
- 

.- i--' 

.- -
 

E i 0 E I U
 

41 
W

 

I 
I 

I 
1 

I 
I 

I 
I 

m
 

r
-
-
 

I w
 
0
 

m
 I1 

A
 

0
 

a, 
cn 
0
 
7
 f
4
 

11 

n
 

0
 

a, 
m

 
0
 

0
 

b
t 

7
 

W
 

co 
in 
in 
m

 
7
 

7
 

cn 
in 
m

 
.. 
a, 
E 

.- 
4
 

C
L
 

0
 

cn 
c.' 

C
 

.K
 0
 

.- 

2 
0
 

l 
a: v
-
 

a, 
i
 

A
%

 



cc 

r. 3
 

n
 



n
 

x
 

0
 
i
 

+
 

I 
1 

1 
i

-
 

0
 

~
.
 

7
 

I 

N
 ~ 

3
 

i f 



I I I I 1 I 
DOY350 0545-0745 Ka2 + 
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DOY 346 2-way Ka-band, two-way light time = 5723.2 sec 
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GWE 
Estimated Value of S/C’s oz 

Corresponding Allan deviation 

Results: 

- 40 hours of data beginning 2001 -DOY4 52/T02:00:03.558 
(sampling time is 4 s) 



DOY 363 Lunar Occultation 

DOY 363 was notable for (a) very bad weather, (b) a precursor to the most noisy plasmatday seen to date (possibly associated with a 
coronal mass ejection-see below) and (c) a lunar occultation of the Cassini signal. 

W.r.t. the weather: this is the only day I have seen so far where the AMC data quality warning flags are set for the whole pass. 

W.r.t. the plasma: this was the day before the worst plasma noise day to date (see first plot-the last red dot is the DOY 364; the ka- 
band plasma is still very low compared with other noises!). It is probable that this enhanced plasma is just a statistical attribute of the 
corotating solar wind (since the plasma noise was smoothly rising anyway, perhaps due to rotation of a noisy solar wind sector onto 
the line of sight, for the last several days). But Elias alertly found this information on the web (Dec 28 is DOY 362): 

“Space Weather News for Dec. 26,2001 
http://www.spaceweather.com 

GEOMAGNETIC STORM WARNING: An explosion on the Sun today triggered a solar proton storm around our planet and hurled a bright 
coronal mass ejection (CME) into space. Although the fast-moving (-1100 km/s) CME was not squarely Earth-directed, it could deliver a 
glancing blow to Earth’s magnetosphere as early as Dec. 28th Universal Time -- that is, Thursday night for North Americans, Friday morning for 
Europeans. NOAA forecasters estimate a 10% chance of severe geomagnetic storms at middle latitudes when the expanding cloud sweeps past 
Earth. Sky watchers along the northern tier of US states (and similar latitudes) should be alert for auroras during the nights ahead.” 

[If the CME was directed to the trailing side of the Earth in its orbit, I would expect it to, influence the Cassini line-of-sight 1-3 days 
after it hit the earth, i.e., roughly consistent with larger plasma noise on DOY 364. But I don’t know if the CME was actually directed 
to the trailing side and in any case maybe this is a coincidence.] 

W.r.t. lunar occultation: For fun (and because it comes out almost for free in the quick-look analysis) I plotted the power versus 
time for the entry occultation. I show here the Ka-band ingress occultation. Time constants for amplitude estimation are about 1 
second in these plots. The Fresiiel structure is clearly evident (also evident in the X-bandl power and frequency/phase, not shown here 
because of the poorer SNR on that link.) 

Two plots follow, an “overview” plot and a zoom in on the time around the actual occultation. 

http://www.spaceweather.com
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Discussion 

Ka-band up/down, as it had to, knocked the plasma scintillation I noise aut of the 
error budget 

X - (880/3344)K independently estimates the downlink plasma 
I 

Two-way Ka-band plasma consistent with pre-experiment expectation 

2-way Ka-band (uncorrected, selected for high elevation angles) limited by 
nondispersive process (e.g. some combination of tropo,sphere, antenna 
mechanical, FTS, KaT instability, s/c motion noise,.,,.) I I 

Level is consistent with independent estimate of the troposphere, therefore 
should be able to correct for this to about the target sensitivity level 

Potential problem: significant fraction of AMC data flagged-liquid water in 
AMC beam may degrade AMC correction of thie bata 

qassini Radio Science Team Meeting 1-9-02 



Discussion (continued) 

KaT 

After very difficult experience through most of 2001 the KaT worked for 
GWE1 (see Randy's presentation for operationall issues) 

When in the locked state, the stability seems fine (at least as good as 5E-15 at 
1000 seconds and probably << 5E-15) 

AMCs discussed earlier 

Still learning best way to use these data 

Weather (e.g. liquid water in the beam) degrades lcalibration some of the time 

RSRs worked well (useful real-time diagnostics, in addition I to primary 
function - see Randy's presentation) 

I 
CJassini Radio Science Team Meeting 1-9-02 
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The Story So Far,.. 

Quick-look noise statistics are consistent with pre-experiment I noise budget 

Data quality as we expected 

Cassini Radio Science Team Meeting 1-9-02 



Can We Do Better than Cassihi? 

Problems Are Possible Fixes 

tropospheric scintillation better calibrations and/or 
1 1  

EstabrooMHellidgs idea 
I ,  

plasma scintillation higher radio frequency and/or 
Cassini-style imulti-frequency links 

antenna mechanical noise look in nulls of tqalnsfer function (?) 

frequency standard noise 30X better clocks are "straightforward" 

spacecraft position noise very careful design (?) 
! I  

Conclusion: Maybe 10-fold improvement-to -3 x lo-'* €Qr periodic sources at 
selected Fourier frequencies-is possible using spacecraft boppler tracking From an 
Earth-based station. However tlie cost to achieve this wo,uld be very hiph. 



/-. 
! ',\ 

Concluding Ideas 

Doppler tracking of Cassini can be used as a broadband gravity wave detector 
I 

Apparatus is large compared with GW wavelength'; thus detector properly 

Low-frequency band edge is -l/(two-way-light-time) set by pulse-overlap 

described in terms of three pulses GW response 

I 

High-frequency band edge is -lo-' to I ~ Z ,  se4 by combination of 
downlink SNR, FTS, ability to calibrate troposphere 
Not an interferometer: coherence maintained by excellent frequency 
standard on the ground 

1 1  

Maill noise sources 

FTS stability 

Plasma scintillation (dominates S-band; secondary \at Ka-band) 

Tropospheric scintillation (nondispersive) 

Antenna mechanical stability 

CaJAGWR-33 
11/3/00 



I Concluding Ideas (continued) 

Signals and noises enter with different transfer functiops-a very useful 
I 

discriminator 

Ka-band lowers plasma noise at opposition to beldw troposphere noise 

Sophisticated tropospheric scintillation calibration I 

Sensitivity : 

-15 
=: 3 x 10 for bursts (i.e., ay(x = 1000 sec)) I 

S.2 < for backgrounds (fc = 10 -4 Hz) 
c 

-17 
=: 3 X 110 for periodic waves (at selected Fo,urier frequencies); 

w -16 
== 1.5 X 10 averaged over the band 

CaJAGWR-34 
11/3/00 




