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Universidad	Católica	de	la	SanHsima	Concepción	(UCSC),	
is	one	of	the	3	tradiMonal	universiMes	in	the	city	of	
Concepción,	with	~11,500	students.	
	

Faculty	of	Engineering:	
-  InformaMcs	
-  Industrial	
-  LogisMcs	
-  Geological	
-  Civil		
-  Electrical	



Electrical	Engineering	program	
	

-  Started	in	2012.	No	graduates	yet.	Young	group…	
-  7	academics	 	 	8	next	year.	A	posiMon-call	soon…	
-	 	~	60	students	per	year	
-  Areas:		
•  Electrical	Power	and	Energy	Systems	
•  Control	Engineering	
•  Signals	and	TelecommunicaMons	
•  Analog	and	digital	communicaMons		
•  Signal	processing	
•  Astro-Engineering	

		



Astro-Engineering	at	UCSC	
	
	
	
	
	
	
	

2012:	nothing….	
2013:	LAIM	was	planned.	
2015:	Official	inauguraMon.	
	
	
		



Laboratorio	de	Astro-Ingeniería	y	Microondas	
	

Equipped	up	to	26.5	GHz!	

Funding	sources:	
	

UCSC	
ESO-CM	
Quimal/Conicyt	
	
	
	
	

Ku-Band	receiver	



	 	LAIM:	 	 	 		
	

-  Training	EE	students	in	astronomical	instrumentaMon		
	è	RF	engineers.	

	

-  Support	installaMon	and	operaMons	of	telescopes.		
	More	than	15	yrs.	of	experience	in	the	Chajnantor	area.	

	

-  PWV	understanding	of	the	Chajnantor	area:		
	-	Bustos	et	al.	2014,	PASP,	126,	1126-1132.	
	-	Cortés	et	al.	2016,	Radio	Science,	51,	1166-1177.			

-  Radio	lab	available	for	tesMng/calibraMon.	
-  Science	with	HI	observaMons	during	EoR.	



PWV	understanding	of	the	Chajnantor	area:		
Bustos	et	al.	2014,	PASP,	126,	1126-1132.		

	
	

with the installation of a new backend, replacement of the tipping
mirror motors, and the implementation of new software for ob-
serving, control, and communications (Bustos & Nagar 2011).
The second 183 GHz radiometer used in the experiment is the
one that is mounted in the cabin of the APEX radio telescope lo-
cated on Llano de Chajnantor, whose data is available on theweb.7

The refurbished radiometer was first installed next to APEX
for a 10-month, side-by-side calibration test in January 2011.
This test showed that both PWV time-series compared well
to a level of !0:14 mm in 1-minute samples. At the end of
2011, the refurbished radiometer was relocated to the CCAT site
weather monitoring station, slightly below the summit of Cerro
Chajnantor, starting PWV data acquisition on 2011 December
17. From the Llano, the horizontal distance of these radiometers
is 3 km in the northeast direction and the altitude difference is
562 m. A snowstorm that started on 2011 December 22 pro-
duced a power failure on the solar panels of the CCAT station
that was not resolved until October 2012. Hence, only a week of
PWV data was obtained in this first campaign.

Simultaneous PWV observations on Llano de Chajnantor
(APEX site) and Cerro Chajnantor (CCAT site) from 2011 De-
cember 18–23 are presented in Figure 2. This figure shows that
under normal atmospheric conditions, without the presence of

inversion layers between the two sites, the drop in PWV from
the Llano to Cerro Chajnantor is around 36.3% (dotted line).
This ∼36:3% difference is more often seen in the afternoons,
since the atmosphere is generally well-mixed and no significant
inversion layers are expected. On the nights of December 18,
19, and 20, the extra difference in PWV (up to 90% on Decem-
ber 18 and up to 70% on the other two nights) is likely explained

  20 %

  40 %

  60 %

  80 %

  100 %

04 h

16 h

02 h

14 h

00 h

12 h

22 h

10 h

20 h

08 h

18 h 06 h

Dec 18
Dec 19
Dec 20
Dec 21
Dec 22

DAY TIME

NIGHT TIME

FIG. 3.—24 h polar plot of the drop in PWV between the Llano and Cerro
Chajnantor for each of the 5 days. Nighttime (23:00–9:30 UTC) and daytime are
separated by the solid black line. The black circle is the 36.3% level.

Dec 18 Dec 19 Dec 20 Dec 21 Dec 22 Dec 23
0

2

4

6

8

10
PWV: Llano Chajnantor (5050 m) & Cerro Chajnantor (5612 m)

P
W

V
 [m

m
]

 

 
Cerro Chajnantor
Llano Chajnantor

Dec 18 Dec 19 Dec 20 Dec 21 Dec 22 Dec 23
0

20

40

60

80

100

36.3 %

2011

[%
]

PWV decrease between Llano and Cerro Chajnantor in %

FIG. 2.—Top: A comparison of the 1-minute averages of the simultaneous PWVmeasurements at Llano de Chajnantor (red) and Cerro Chajnantor (blue) over a 5 day
run. Bottom: The drop in PWV in percent between Llano and Cerro Chajnantor. The dotted line shows the 36.3% decrease in PWV.

7 http://www.apex‑telescope.org
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by the formation of an inversion layer between the Llano and
Cerro Chajnantor. From December 21 to 23, no evidence for a
significant inversion layer is seen. This could be explained by
the relatively high amount of PWV, which is a usual occurrance
previous to snowstorms such as the one on December 22 that
produced the power failure.

To show that inversion layers between Llano and Cerro
Chajnantor generally occur during nighttime, Figure 3 separates
nighttime and daytime on a 24 h polar plot. Nighttime is con-
sidered to be between 23:00 and 9:30 UTC (8 p.m. to 6:30 a.m.,
local time). For December 18 to 20, the drop in PWV is signifi-
cantly larger at nighttime compared to daytime.

To determine the contribution and strength of the inversion
layers, the drop in PWV was normalized to the 36.3% level with
a standard deviation σ of 13.9%. Figure 4 shows the normalized
drop in PWV between both sites for each hour and each day. As

mentioned in Figure 3, the differences are stronger and more
significant for the first three nights. During all five afternoons
and in the last two days, the drop in PWV is within the 1-σ level.

Given the !0:14 mm error in 1-minute samples we obtained
between both radiometers in the side-by-side calibration test at
the APEX site, we expect a statistical error in 1 h of!0:018 mm.
Thus, for a PWVof 1.0 mm, the difference in PWV is expected
to have a measurement error of 1.8%, significantly lower than
the 1-σ level of 13.9% seen in Figure 4. More details on the
calibration campaign and a larger dataset will be presented in
a following paper.

3. WORLDWIDE SITE COMPARISON

Radford (2011) have compared the atmospheric transparency
conditions at several important sites worldwide: Mauna Kea,
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FIG. 5.—Atmospheric transmission in the millimeter and submillimeter range for Llano de Chajnantor (left) and Cerro Chajnantor (right). Transmissions are derived
from observed 350 μm zenith optical depths and the ATMmodel (Pardo et al. 2001). The green, red, and blue lines show the transmission for 50%, 25%, and 10% of the
time, respectively. The inset lists the corresponding PWV in millimeters. Comparing left and right panels clearly shows the gain in atmospheric transmission by going to
a higher site, especially at terahertz frequencies.
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FIG. 4.—Normalized PWV difference between Llano and Cerro Chajnantor, averaged over 1 h for each of the five days. The zero level corresponds to a PWV
difference of 36.3%. The standard deviation of all data together is 13.9%.
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Hawaii (4070 m); the South Pole (2800 m); Llano de Chajnantor
(5050 m); and Cerro Chajnantor (5612 m). Cumulative distri-
butions through several years were obtained by measuring the
350 μm and 225 GHz zenith optical depth at these four sites.
They have shown that Cerro Chajnantor, Llano de Chajnantor,
and the South Pole are usually drier than Mauna Kea. If we con-
sider the superb observing conditions when 350 μm zenith op-
tical depths are below 1.1, the best sites are arguably found in
Chile. In this case, Cerro Chajnantor presents 350 μm zenith
optical depths below 1.1 for 50% of the time, which is twice
that of Llano de Chajnantor and the South Pole.

Using the ATM model (Pardo et al. 2001) and the 350 μm
zenith optical depth cumulative distributions obtained by
Radford (2011), we compared the atmospheric transmissions
at Llano de Chajnantor and Cerro Chajnantor (Fig. 5). Cerro
Chajnantor starts to show significant improvements in atmo-
spheric transmission at frequencies above 600 GHz. In the
THz frequency regime, the atmospheric transmission on Cerro
Chajnantor is twice that of Llano de Chajnantor.

For the mid-infrared to far-infrared (mid-IR to far-IR) spec-
tral regime, Cerro Chajnantor presents an atmospheric transpar-
ency of up to 40% in the 36–38 μm band (Sako et al. 2008)
and a median atmospheric seeing of 0.69″ at 500 nm (Motohara
et al. 2008). In this work, we implemented a line-by-line,

layer-by-layer radiative transfer model in Matlab to calculate
the atmospheric transmission for Cerro Chajnantor (Fig. 6).
The model included a dry atmosphere composition (Table 1) and
a wet contribution of 0.70 mm (50% of the time), 0.42 mm
(25%), and 0.21 mm (10%) of PWV. The spectral information
in the radiative transfer model comes from the HITRAN 2008
database at high spectral resolution (Rothman et al. 2009).

Figure 6 shows the resulting transmission spectra in the mid-
IR to far-IR bands. The dryness of Cerro Chajnantor is such that
for PWV conditions of 0.21 mm (10% of the time), the atmo-
spheric transmission is higher than 95% in the Q (17–25 μm)
band, higher than 60% in the Z (28–40 μm) band, and higher
than 25% in several observing windows beyond Z band. There-
fore, in extreme dry conditions (10% of the time), it is expected
that Cerro Chajnantor offers completely unique conditions for
mid-IR to far-IR observations of cosmic sources from the ground.

These results are in agreement with previous simultaneous
measurements of 350 μm zenith optical depths obtained in
Radford et al. (2008) and Radford (2011) and scale height val-
ues from balloon measurements in Giovanelli et al. (2001).

Besides the excellent atmospheric conditions, other advan-
tages of the Chajnantor area are its geographic location, acces-
sibility, and logistics. From latitude 23°S, the southern sky and a
good fraction of the northern sky is available for astronomical
research. It has year-round accessibility via a paved road (the
international route connecting Chile and Argentina). It is close
to large cities (Calama, Antofagasta) with ports, airports, and
infrastructure that can provide general services, communica-
tions, and energy by local companies.

4. PARQUE ASTRONÓMICO DE ATACAMA

Given the unique and excellent transparency conditions for
astronomical observations of the Chajnantor area, the Govern-
ment of Chile has secured an area of 363:81 km2 of fiscal land
for the exclusive use of scientific activities through the Parque
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FIG. 6.—Atmospheric transmission on Cerro Chajnantor in the mid-IR to far-IR bands. Green, red, and blue lines are 50%, 25%, and 10% of the time, respectively,
with the corresponding PWV in millimeters.

TABLE 1

DRY ATMOSPHERE COMPOSITION

Molecular species Formula Fraction per volume

Nitrogen N2 0.7808
Oxygen O2 0.2095
Argon Ar 0.0093
Carbon dioxide CO2 0.000387
Methane CH4 0.000001745
Carbon monoxide CO 0.000000750
Nitrous oxide N2O 0.000000314
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Table 4. Summary With the Results of PWV Slopes Between Different Sites,
Time Span of Measurements, and Altitude Difference Between Sites

Instrument Altitude Difference
Pairs Period of Years Slope (m)

TA-2/APEX 2006–2010 1.07 −27

TB-2/TA-2 2005–2009 1.00 0

TA-3/APEX 2011–2014 1.00 0

TOCO/APEX 2009 0.89 213

TB-3/APEX 2009–2012 0.68 505

TB-3/TA-2 2009–2010 0.68 532

As an example for the results of this analysis, we show a time matched correlation plot for APEX versus TA-3,
both colocated at the APEX site, Figure 6. Results for the analysis between Cerro Chajnantor and the plateau
are shown in Figure 7, where a time matched correlation plot for APEX versus TB-3 is presented. These plots
show evidence of the overall lower PWV at Cerro Chajnantor compared to the plateau because of the altitude
difference between the sites. We acknowledge the existence of inversion layers appearing in certain periods,
in which the PWV at Cerro Chajnantor lowers dramatically compared to the PWV at the plateau, as shown in
Figure 8 and also described in Bustos et al. [2014]. The detailed short-term study to reveal this effect in depth
is out of the scope of this paper and will be addressed in a future publication.

The results for the PWV slopes found in this study, using all the instruments and sites, are shown in Table 4.

The TOCO/APEX PWV ratio is higher than one would expect from the altitude difference of the sites. We noted
that this result might be biased from the fact that the RHUBC-II measurements were only taken during day-
time, when the atmosphere is more mixed and the appearance of inversion layers are improbable, as opposed
to all the other measurements which are taken irrespective of hour of the day. More data would be needed
for this site to clarify the difference and draw conclusions.

The TAO data and TAO/APEX PWV ratios were not shown in this work because the amount of data was insuf-
ficient for the analysis. Besides that, we noted that the PWV measured at TAO and TB-3 was in very good
agreement as expected.

For all instrument pairs in Table 4 (except for TOCO/APEX), the results are consistent with the exponential
decay in PWV of a standard atmosphere. This is represented as follows:

PWV = PWV0 ⋅ e− Δh
ho (3)

where PWV0 is the PWV measured at the lowest level, h0 the scale height, and Δh the altitude difference
between the sites. We calculated the atmospheric scale height for the relevant sites and with the information
included in Table 4. The results are summarized in Table 5.

The scale heights reported in this paper, Table 5, are within the suggested values shown in Radford and
Peterson [2016].

5. Validation of the Method

We validated our transformation model and calibration by comparing the results with the PWV from APEX
taken concurrently, as shown in Figure 9, and with a totally independent reference as is the UdeC 183 GHz
WVR, shown in Figure 8. The UdeC and TB-3 instruments are located only 5 m apart, at the CCAT weather
monitoring station.

Table 5. Atmospheric Scale Heights Calculated From the PWV Ratios and
Altitude Differences Shown Above

Involved Sites Scale Height

APEX site: Cerro Chajnantor 1309 (m)
CBI site: Cerro Chajnantor 1379 (m)
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Consistent	with	TAO	results:	
0.5-0.6	slope	at	night.	



ScienMfic	case:	
	

Detect	emission	line	of	
neutral	Hydrogen	during	EoR.	
	
At	rest,	HI	emits	at	1.42	GHz	
(21-cm).	
	
During	the	dark	ages	and	EoR	
of	the	Universe	(6	<	z	<	35),	
HI	emission	lies	between	200	
and	40	MHz.	



A	site	with	low	RFI	is	needed.	
At	these	frequencies,	a	very	
dry	site	is	not	a	requirement.	
	

Possibility	for	Chajnantor:	
“radio-quiet	zone”		
	

HI	from	EoR	is	a	very	weak	
signal,	not	yet	detected.	
	

2nd	generaMon	to	EDGES,	
LOFAR,	PAPER,	MWA,	DARE,	
Sci-HI,	and	others.	



2

Fig. 1.— A fiducial model of the global 21 cm signal, as modeled in Pritchard & Loeb (2010). Although this model should capture the
essential features of the signal, the precise details have yet to be confirmed and depend on the nature of the first stars and galaxies.

next epoch is marked by the formation of the first stars
and galaxies, whose Ly↵ photons strongly couple the spin
states to the gas temperature. This first results in a deep
absorption feature, as the gas temperature is far below
that of the CMB. However, heating from X-ray emission
pushes the gas above the CMB temperature, resulting in
a 21 cm emission signal. This leads to the final epoch,
the “epoch of reionization,” where UV photons ionize the
gas, gradually erasing the 21 cm signal.
A measurement of the 21 cm global signal would also

have the potential to rule out other models such as those
involving dark matter annihilations or stellar black holes.
Dark matter annihilation scenarios provide heating be-
yond that from X-ray emission and hence dampen the
absorption and emission signals at the end of the dark
ages and during the epoch of reionization (Valdès et al.
2013; Evoli et al. 2014). Similarly, ionizing photons from
accreting stellar black holes might also add significant
heating. Work by Mirabel et al. (2011) suggests that in-
cluding the e↵ects of black holes would cause the 21 cm
emission signal to occur earlier than otherwise expected
and would also shorten the width of the absorption fea-
ture. A global 21 cm measurement would provide evi-
dence for or against such models.
Unfortunately, the low-frequency observations required

for a measurement of the global 21 cm signal are techni-
cally challenging. For example, the lowest frequencies
are strongly a↵ected by ionospheric fluctuations (Vedan-
tham et al. 2014a; Datta et al. 2014; Rogers et al. 2014),
which imprint systematics in the final measured spectra.
For this reason, the highest redshift dip (labeled “Dark
Ages” in Figure 1) will be extremely di�cult to measure,
and in this paper we concentrate on forecasts for obser-
vations targeting the absorption feature at ⇠ 70MHz
(henceforth denoted the “pre-reionization dip”) and the
gradual decay of the signal due to reionization from 100
to 200MHz.
In addition, foreground contamination is a serious con-

cern. Consider Figure 2, for example, where we show a
model of Galactic synchrotron radiation at 150MHz from
de Oliveira-Costa et al. (2008). Even in the coolest parts
of the sky (e.g., the Galactic poles), the synchrotron fore-
grounds dwarf the cosmological signal, as we can see from
examining the scales on Figure 1. Moreover, foregrounds
get brighter as one moves to lower and lower frequencies,
which again makes observations increasingly challenging
as one moves to higher and higher redshifts. The same is

Fig. 2.—An empirically motivated model of Galactic synchrotron
emission from de Oliveira-Costa et al. (2008). Foregrounds such as
Galactic synchrotron radiation dominate the cosmological signal
and must be removed from the data.

true for other foreground sources, such as extragalactic
point sources, whether resolved or part of an unresolved
background.
To access the cosmological, one must subtract or fit out

the foregrounds. Some proposals (e.g., Liu et al. 2013)
take advantage of the angular structure of foregrounds to
aid foreground mitigation, with the reasoning that any
non-monopole signature on the sky cannot be the cosmo-
logical global signal. However, since the foregrounds do
contain a monopole mode, there must ultimately be some
subtraction of foregrounds in the final spectra. Most
data analysis pipelines assume that foregrounds are spec-
trally smooth, and access the cosmological signal by fit-
ting smooth functional forms to the initial spectra. Key
to the success of this strategy is the assumption that
the foregrounds can be modeled with a relatively small
number of parameters. Otherwise, there is the danger
of overfitting the spectrum, which destroys cosmological
information. For this assumption to hold true, instru-
mental systematics must be exquisitely controlled. An
unsmooth spectral ripple in the instrument, for exam-
ple, will imprint chromatic signatures in the measured
foregrounds, increasing the number of fitting parameters
needed for their removal. Although there may be ways
to mitigate these systematics in data analysis (Switzer &
Liu 2014), it is best to not incur them in the first place.
There are currently a large number of experiments

seeking to make a first detection and characterization

Pritchard	&	Loeb	(2010)		
	

Fiducial	model	of	the	global	21	cm	signal	



MARI-UCSC	
	

•  MARI:	Medidor	Autónomo	de	Radio-Interferencia.	
•  2-year	project	funded	by	QUIMAL/Conicyt	2013.	
•  Measure	RFI	(Radio	Frequency	Interference)	levels	

between	50	y	250	MHz.	
•  CollaboraMon	between	UCSC,	ASU,	UdeC.	
•  Team:	
•  Ricardo	Bustos	(PI,	UCSC)	
•  Raúl	Monsalve	(Co-PI,	ASU	now	at	Colorado-Boulder)	
•  Judd	Bowman	(ASU)	
•  Alexandra	Suárez	(Student,	UdeC)	



Final plan 
MARI-1 



MARI	-	Phase	I,	Dec.	2014	



MARI	-	Phase	II	

-	ParMcipaMon	of	UCSC	
Electrical	Eng.	students	

-	Gained	experience	working	
on	site	



																MARI-I	
Pampa	La	Bola,	Paranal	&	Llullaillaco	–	1hr	
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MARI-II	

-	ConMnuous	1-week	RFI	measurement	campaigns.	
-	MARI-II	campaigns	(6):	March,	May,	July,	September,	
November	&	December	2015.	
	
5-day	conMnuous	observaMons		
4126	channels	of	36.3	kHz	bandwidth	each.		
Data	obtained	in	20	MHz	sequences.		
It	takes	3	minutes	to	obtain	one	complete	spectrum	in	the	
50-250	MHz	range.		
	



MARI	II-3	July	2015:	12-hr	average	spectrum	

MARI-II	



MARI-II	May	2015	



High	solar	acMvity	

Galaxy	emission	 Orbcomm	satellite	



MARI	-	Future	

1-	Confirm	that	the	new	site	found	is	appropriate	for	low	frequency	
observaMons	à	site	tesMng!	
	
2-	Permission	request	in	progress	to	the	Ministry	of	NaMonal	Assets,	II	
Region.	
	
3-	Design,	construcMon	and	tests	of	a	low-frequency	telescope?		
è	a	Chilean	astronomical	instrument!	
	
4-	Possibility	for	internaMonal	instruments	to	deploy	at	this	site.	
	
5-	Expand	frequency	coverage	for	astronomy	over	Chilean	skies….	
					



Thank	you!	

hvp://mari-ucsc.blogspot.cl	
	 	@Lab_Astro_UCSC	

	


