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{ 2 {1. INTRODUCTIONA

ura
y of the spe
tra taken with ALFA and LBW are limited by systemati
 baseline wigglesthat 
hange slowly, or perhaps not at all, with time. After a few se
ond of integration, this �xedpattern noise, or FPN, dominates the un
ertainty in the spe
trum. It tends to have frequen
ystru
ture of width & 1 MHz, whi
h is 
omparable to time delays of . 1 �se
 in the auto
orrelationfun
tion. We have strongly believed, and prove it here, that the stru
ture results from re
e
tions,the path di�eren
es are . 300 m. 1 MHz 
orresponds to 200 km/s at the HI line|a velo
ity s
alein whi
h lots of interesting things happen, s
ienti�
ally speaking, so this FPN signifantly a�e
tsthe s
ien
e. We performed some experiments to determine some of its 
hara
teristi
s, of whi
h wereport in this do
ument.2. SUMMARY OF IMPORTANT FINDINGSIn this se
tion we brie
y summarize our most interesting �ndings. We do
ument ea
h in laterse
tions with data and more dis
ussion.1. The FPN arises from re
e
tions and is 100% polarized. (x4, 5, 7)2. Most of the FPN arises from re
e
tions involving shorter path lengths. The spe
trum ofdelays is essentially 
ontinuous and looks random. (x8; �gures 9, 10, 12, 13, 15)3. A small 
omponent of the FPN arises from re
e
tions between the bowl and the feed andasso
iated stru
tures; this 
omponent depends on the feed and the ALFA turret angle. This
omponent of the FPN has sharp time-delay features in the 0.90, 1.04, and 1.16 �s. Thereseem to be additional time delays but the results look suspi
ious and should be repeated. (x8;�gures 9, 10)4. The FPN 
hanges when the ALFA turret is rotated. The further the rotation, the larger the
hange. (x6)5. The FPN 
hanges with zenith angle za. The further the move, the larger the 
hange. (x9)6. Over the limited range in azimuth (az) that we tested, the FPN 
hanges: the further themove, the larger the 
hange. (x10)7. The FPN amplitude in
reases noti
eably towards lower frequen
ies. (x11)3. EXPLANATION OF THE PLOTS IN FIGURES 1, 2, and 3The formats of these three �gures are identi
al. Ea
h �gure shows a pair of spe
tral plotsin two panels to save spa
e. The spe
tra are polynomial-
attened RF powers obtained from the
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Fig. 1.| Spe
tra for re
eivers 0 (top), 1 (bottom) on beam 0. Labels on the right indi
ate ALFAturret angle; \P" indi
ates that the platform was lowered � 3 in
hes.
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Fig. 2.| Spe
tra for re
eivers 10 (top), 11 (bottom) on beam 5. Labels on the right indi
ate ALFAturret angle; \P" indi
ates that the platform was lowered � 3 in
hes.
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Fig. 3.| Spe
tra for beams 0 (top) and 5 (bottom). Labels on the right indi
ate ALFA turretangle; \P" indi
ates that the platform was lowered � 3 in
hes.



{ 6 {Least-Squares Frequen
y Swit
hing (LSFS, a.k.a. SMARTF) pro
edure. They are shown versus r.f.frequen
y and the area near the 21-
m line (1420.4 MHz) has been zeroed. Ea
h panel shows 12plots for a spe
i�
 re
eiver or feed; the zeros are o�set by 0.5 K for 
larity and the tags on theright, outside the plot boundary, indi
ate the 
onditions for that plot. Ea
h plot shows a spe
i�

ondition and time ordering of the measurements in
reases from bottom to top, with about 60se
onds integration for ea
h plot.The tags on the right show two quantities. For ea
h spe
trum, the �rst is the rms of that spe
-trum in milliK. The se
ond indi
ates the ALFA turret angle, whi
h steps in geometri
 in
rementsfrom 0Æ to +60Æ, then to �60Æ, and then ba
k to 0Æ. Near the top, the two plots labeled with a\P" indi
ate that the platform was lowered by � 3 in
hes. The �rst plot, at the bottom, is thespe
trum for the �rst measurement of the series of 13; it has ALFA turret angle 0Æ. All the otherplots are di�eren
es between its parti
ular spe
trum and the �rst spe
trum. This is why the verytop plot, whi
h was also taken at ALFA turret angle 0Æ (but about 30 minutes later), is so small.4. BEAM 0 SHOWS THAT THE FPN IS 100% POLARIZEDFirst let's take a look at the on-axis feed 0, whi
h is served by re
eivers 0 and 1. This feed isalmost on-axis, so when we rotate the ALFA turret all that happens is the feed rotates with only alittle translation|in other words, the polarization position angle 
hanges. Look at Figure 1, whi
hshows the di�eren
e between re
eivers 0 and 1 for di�erent position angles. As we move away fromALFA angle 0, the di�eren
e spe
tra rms's get larger. This re
e
ts the polarization of the FPN,and shows that the FPN is polarized.The 
u
tuations in the two re
eivers, whi
h have orthogonal linear polarizations, are 
ompletelyun
orrelated. For the ALFA turret angle 0Æ spe
trum, the rms of the di�eren
e between thetwo re
eivers' spe
tra is 163 milliK and that of the sum is 164 milliK, whi
h is 
lose enough toequality to 
onsider the spe
tral 
u
tuations in the two re
eivers to be 
ompletely un
orrelatedand independent. If the FPN were randomly polarized, then the FPN wouldn't 
hange at all withposition angle; the rms of the di�eren
e between the two re
eivers would be zero. The fa
t thatthe rms's of the di�eren
e and sum are identi
al means that the FPN is 100% polarized.For o�-axis feeds we 
an make the equivalent of Figure 1; for feed 5 we show the plots for itsre
eivers 10 and 11 in Figure 2. We show this for fun only be
ause it doesn't mean mu
h: the nativelinear polarizations in all feeds are oriented identi
ally on the sky, so as we rotate the ALFA anglewe also rotate the orientation of the linear polarizations to whi
h a feed responds. Be
ause the FPNis itself polarized, the response of individual re
eivers 
ontains this 
hanging polarization. Insteadof looking at individual re
eivers for a feed, we have to look at their sum so that the polarizationof the FPN doesn't 
onfuse us.



{ 7 {5. DEPENDENCE OF FPN ON ALFA TURRET ANGLEFigure 3 shows the spe
tra for the on-axis feed 0 (top panel) and the o�-axis feed 5 (bottompanel). Note that these are averages of both re
eivers, so FPN polarization plays no role in theseplots. As we in
rease the ALFA turret angle away from 0Æ, the FPN of the di�eren
e spe
tra rise.(These are di�eren
e spe
tra, ea
h spe
trum minus the one for turret angle 0). The rms for feed0 rises modestly, by no more than a fa
tor of 2. This as it should be: when we rotate the ALFAturret, all we are doing is rotating feed 0, so when we add the polarizations we expe
t zero e�e
t.The residual e�e
t that we do see is almost 
ertainly produ
ed by feed 0 being slightly o�-axis (bydesign; Cort�ez-Medellin 2002).For the outrigger feeds the FPN 
hanges quite rapidly with turret angle. For example, forturret angle 8Æ, for beam 5 the rms of the di�eren
e spe
trum is almost half the value of the turret-angle 0 spe
trum. Thus, even at 8Æ turret angle, the FPN has 
hanged a lot from its pattern at0Æ. 6. DEPENDENCE OF FPN ON FEEDThe FPN of ea
h feed is statisti
ally independent of the others. Figure 4 shows one set ofspe
tra all 14 re
eivers, together with the mean at the top. The FPN for the mean is mu
h smallerthan the FPN of the individual re
eivers. In fa
t, a detailed look at a set of data (not those inthe �gure) shows that the statisti
al redu
tion in the rms of the mean spe
trum is almost exa
ltywhat's expe
ted if the FPN's are statisti
ally independent. Thus, the rms of the FPN of the averageof all re
eivers is about p14 times smaller than the average rms of ea
h, whi
h is what we expe
tfor statisti
al independen
e.There is no 
omprehensible systemati
s in variation of the FPN rms from beam to beam. Agrand average over all of the 12 measurement 
onditions gives, for the 7 beams, rms's of [83, 62,79, 83, 81, 84, 78℄ milliK. This average mixes all of the ALFA turret angles that we sampled. If werestri
t the average to turret angle 0, we obtain [81, 66, 82, 89, 78, 93, 86℄ milliK. For both 
ases,feed 1 is signi�
antly smaller than the others; the others are 
omparable to ea
h other. Feeds 1and 6 are the \downhill" feeds, 
losest to the 
enter of the Gregorian dome. Feeds 3 and 4 are the\uphill" feeds. But it doesn't seem to matter.7. THE FPN STAYS FIXED IN SPACE WHEN WE ROTATE ALFA BY 60DEGREESIf the FPN is from re
e
tions, then it should be �xed in spa
e. When we rotate the ALFAturret by 60Æ, thus inter
hanging one feed for another, the newly-inter
hanged feed should see thesame FPN that the original one did. This is, in fa
t, the 
ase. However, the FPN inter
hanges are
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Fig. 4.| An example of spe
tra for ea
h of the re
eivers. The mean of all re
eivers is at the top.Ea
h re
eiver's spe
trum is stasti
ally independent of the others'.



{ 9 {not quite perfe
tFirst, let us de�ne the terms self di�eren
e and inter
hange di�eren
e. These di�eren
es arebetween re
eivers at two di�erent turret angles that di�er by 60Æ or 120Æ. The self di�eren
e isbetween the same feed at the two angles. The inter
hange di�eren
e is the di�eren
e between theoriginal feed and the one that o

upied the same physi
al lo
ation after the rotation.We show three representive 
ases in Figure 5. The top panel 
ompares turret angles [�60Æ; 0Æ℄;the middle, [+60Æ; 0Æ℄; and the bottom, [60Æ;�60Æ℄. We subtra
t feed 5's spe
trum at the �rstangle from its spe
trum at the se
ond angle (upper plot in ea
h panel); and from the spe
trum ofits inter
hange partner (lower plot).For ea
h panel, the inter
hange di�eren
e (lower plot) looks mu
h less noisy than the selfdi�eren
e. This proves that the FPN stays �xed in spa
e and as the feeds rotate they sample thesame re
e
tions in spa
e. However, the inter
hange di�eren
e isn't just thermal noise, so there ismore to the story. The ACF plots �gure 6 show that the di�eren
es are primarily asso
iated withshort time delays. In parti
ular, for the lower two plots the ACF shows a well-de�ned peak ata delay of 0.075 �s (22.5 meters round trip, 11.25 meters one-way), and you 
an 
learly see theasso
iated low-frequen
y ripple on the right-hand half of the frequen
y spe
trum.Either there is an additional 
ontributor to FPN that is re
eiver-based, or there are me
hani
alimperfe
tions or anomalies. We don't think the re
eivers themselves have any intrinsi
 FPN be
auseof tests we did in July 2005, when we observed with the ALFA 
over on and found no FPN. The11.25 meter one-way distan
e perhaps o�ers a hint about what might be happening to someonewho knows the me
hani
al stru
tural details.8. BEHAVIOR OF THE FPN WITH PLATFORM HEIGHTA well known re
e
tion is that between the bottom of the bowl and the feed, Gregorian, orplatform. If we 
hange the platform height while keeping all other 
onditions the same, we 
hangethe phase of these re
e
tions and we 
an see what happens. Here we look at two feeds, the on-axisfeed 0 and feed 5 as a representative; all of the o�-axis feeds looked similar. We have two platform-moved datasets, one at ALFA turret angle �60Æ and one at angle 0Æ; the mighty Phil grabbed holdof the platform, moved its great weight of the platform down by � 3 in
hes1 and held it there fora few minutes to make our measurements, and then lifted it ba
k up.
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e spe
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Fig. 7.| Di�eren
e spe
tra for ALFA turret angle 0Æ. The top panel is feed 0 and the bottom feed5. In ea
h panel, the top spe
trum is the di�eren
e spe
trum for the two platform heights and thebottom spe
trum is one of the spe
tra.
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trum for the two platform heights andthe bottom spe
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{ 14 {8.1. Plots of spe
tra|Kelvins versus frequen
yFigure 7 shows the dependen
e on platform height for ALFA turret angle 0. This is what we'dexpe
t: nearly everything should 
an
el out in the upper di�eren
e plots, and what remains shouldbe a rapid ripple with period � 1 MHz, whi
h re
e
ts the � 1 �se
 delay time of the feed-to-bowlre
e
tion. Both the on-axis and o�-axis beams have roughly the same behavior.Figure 8 is a 
ompletely di�erent story. Feed 0 shows the same, expe
ted, behavior as in Figure7. But look at feed 5|it's 
ompletely di�erent! The di�eren
e spe
trum doesn't 
an
el out at all.Rather, it looks similar in shape to the a
tual spe
trum! All of the o�-axis feeds show this samee�e
t! 8.2. Plots of auto
orrelation fun
tions|Kelvins versus time delayFigures 9 and 10 are the auto
orrelation fun
tion (a
f) equivalents of �gures 7 and 8. Thea
f is the Fourier transform of the power spe
trum and vi
e-versa. A peak in the a
f indi
ates are
e
tion with a 
orresponding round-trip time delay. The distan
e for 1 �se
 is about 1000 ft,whi
h is about twi
e the distan
e between the feed and the bottom of the bowl.Figure 9 shows the a
f's for feed 0 (top panel) and feed 5 (bottom panel) for ALFA turretangle 0. The behavior is somewhat 
urious. For beam 5, the di�eren
e a
f has a single sharp spikeat 0.91 �se
. For beam 0, the di�eren
e has a dominant peak at 0:91 �se
 but it's rattier, withsubstantial peaks at 1.04 and 1.16 �se
, as well as a broader underlying shelf running from about0.7 to 1.4 �se
. (We 
onservatively estimate the a

ura
y of all quoted times to be �0:005 �se
;the time resolution is 0.01 �se
).Figure 10 shows the a
f for feed 0 (top panel) and feed 5 ( bottom panel) for ALFA turretangle �60Æ. The behavior is a lot weirder than in Figure 9 for angle 0Æ. Here, for the di�eren
ea
f for feed 5, instead of the ni
e single sharp peak in �gure 9 we have a very broad response that
overs roughly the same time delays as the a
f's themselves. The two peaks near 0.9 �s are barelyre
ognizable; they have delays 0.90 and 0.94 �s. The 0.90 �se
 peak di�ers from the prominentturret angle 0 peak by 0.01 �s, equivalent to a total path of � 10 feet. This ratty behavior for feed5 is, of 
ourse, exa
tly what we expe
t from looking at the frequen
y spe
tra in Figure 8. For beam0, we have the same three dominant spikes as before at 0.91, 1.04, and 1.16 �se
, together with thebroad underlying shelf, but there is also substantial power below � 0:4 �s.It's hard to understand why there should be su
h a di�eren
e between turret angles �60Æ and0Æ. It is worth trying this experiment again. These experiments were done during the daytime,and perhaps a Solar re
e
tion interfered with the data for ALFA turret angle �60Æ. On the otherhand, the large power for the platform di�eren
e spe
tra for feed 5 o

urs for all the o�-axis feeds1The tiedowns moved 5 in
hes.
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Fig. 9.| ACF's for ALFA turret angle 0Æ. The top panel is feed 0 and the bottom feed 5. In ea
hpanel, the top a
f is the di�eren
e between a
f's for the two platform heights and the bottom a
fis one of those a
f's. Time delay in �se
; KELVINS is the amplitude of the Fourier 
omponent.
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Fig. 10.| ACF's for ALFA turret angle �60Æ. The top panel is feed 0 and the bottom feed 5. Inea
h panel, the top a
f is the di�eren
e between a
f's for the two platform heights and the bottoma
f is one of those a
f's. Time delay in �se
; KELVINS is the amplitude of the Fourier 
omponent.



{ 17 {as well, and why should their behavior di�er from that of feed 0? Who knows.9. ZA DEPENDENCE OF FPNHere we examine the za dependen
e of the FPN. Figure 11 shows the FPM for 7 di�erentintervals of za ranging from 3:0Æ to 19:7Æ. The FPN 
hanges slowly with 
hange from one extremeto the other is 
omparable to the FPN itself. All feeds have about the same behavior.Figures 12 and 13 show, for all feeds, the a
f's of the di�eren
e between the spe
tra at hzai =[4:0Æ; 19:7Æ℄ and those at hzai = 12:5Æ. Most of the energy resides below delays of a �s, and thereare few prominent peaks. In Figure 12, the prominent peaks for feed 0 are at 0.91 and 1.04 �s; theprominent peak for feed 6 is at 0.90 �s. In Figure 13, the prominent peak in several spe
tra is at1.04 �s; the prominent peak for feed 3 is at 0.79 �s.10. AZ DEPENDENCE OF FPNHere we examine the az dependen
e of the FPN. Figure 14 shows the FPM for 7 di�erentintervals of az ranging from 269Æ to 189Æ in in
rements of � �20Æ. The 
olumns of numbers on theright hand side of the plots indi
ate, �rst, the rms of the spe
trum; and se
ond, the mean az. Allof these ex
ept the third from the bottom (whi
h is the referen
e spe
trum) are di�eren
e spe
tra,equal to the spe
trum itself minus the referen
e spe
trum. All of these data are at za = 18Æ ex
eptthe bottom one, whi
h is at za � 19:5Æ; this za di�eren
e probably explains the larger di�eren
espe
trum.If everything were perfe
t, the FPN would not 
hange with az. In fa
t, as az 
hanges thespe
tra do indeed 
hange slowly; you need to go � 40Æ before the di�eren
es be
ome 
omparableto the FPN itself. We examined the rms's for all feeds and found that the uphill feeds 3 and 4 havea � 30% larger rms for the top spe
trum than the other feeds. This probably o

urs be
ause thesefeeds see a bit more of the ground than the other feeds. If so, these small feed-to-feed di�eren
eswith az should disappear at smaller za.Figure 15 shows the a
f's for the topmost spe
tra in Figure 14, for all 7 feeds. The prominentpeaks o

ur at 0.79, 0.90, 0.98, and 1.04 �s; some peaks appear in some feeds and not others. Feed0, the on-axis feed, has the most prominent peaks.11. FREQUENCY DEPENDENCE OF FPNLook at all of the pre
eding plots: the amplitude of the FPN in
reases towards lower frequen-
ies. This suggests that the re
e
tions are not purely spe
ular, but at least partly di�ra
tive, and
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Fig. 11.| ZA dependen
e of FPN for feeds 0 (top) and 5 (bottom). All spe
tra ex
ept the middleone are di�eren
e spe
tra, equal to that spe
trum minus the middle one. Labels on the rightindi
ate: �rst the rms in milliK, and se
ond the mean za for the spe
trum.
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Fig. 12.| Di�eren
e a
f's for all feeds at hzai = 4:0Æ, where the FPN is large (Figure 11). Feednumber in
reases upwards. The di�eren
e a
f is the Fourier transform of the spe
trum minus thespe
trum at za = 12:5Æ. Feed number in
reases upwards.
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Fig. 13.| Di�eren
e a
f's for all feeds at hzai = 19:7Æ, where the FPN is large (Figure 11). Feednumber in
reases upwards. The di�eren
e a
f is the Fourier transform of the spe
trum minus thespe
trum at za = 12:5Æ. Feed number in
reases upwards.
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AZ PLOTS FOR BEAM 5
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Fig. 14.| AZ dependen
e of FPN for feeds 0 (top) and 5 (bottom). Labels on the right indi
ate:�rst the rms in milliK, and se
ond the mean az for the spe
trum. All spe
tra ex
ept the thirdfrom the bottom (the referen
e spe
trum); di�eren
e spe
tra, being the spe
trum itself minus thereferen
e spe
trum.
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Fig. 15.| ACF of the az di�eren
e spe
tra for all feeds at az = 189Æ (Fourier transforms of thetopmost spe
tra in Figure 14). For all feeds, the prominent peaks o

ur at 0.79, 0.90, 0.98, and1.04 �s.



{ 23 {that they are produ
ed by stru
tures whose sizes are 
omparable to the wavelengths involved|maybe the stru
tural beams on the platform.This frequen
y dependen
e has important rami�
ations for the representation of the FPN byFourier modes. The Fourier representation is a natural one for re
e
tions be
ause of the a
f/powerspe
trum relationship. However, the frequen
y variation of the FPN indi
ates that the strength ofthe re
e
tions varies a
ross our 100 MHz band, whi
h implies that the Fourier 
oeÆ
ients de
reasein amplitude with in
reasing frequen
y|
ontrary to the basi
 assumption in Fourier transformsthat the 
oeÆ
ients apply all a
ross the interval being analyzed. This suggests that a modi�
ationof the Fourier representation is required. Hmmmmmmmmmmm. . .This resear
h was supported in part by NSF grant AST 04-06987 and by the NAIC. It is apleasure to thank Phil Perillat for his invaluable interest, assistan
e, and expertise.REFERENCESCort�ez-Meddelin, G. 2002, Are
ibo Fo
al Array Memo Series, \Final Feed Sele
tion Study for theMulti Beam Array System".
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