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APSERa : Array of Precision Spectrometers for
the Epoch of Recombination

|

10 seconds 1 second 100 seconds 380 000 years 300-500 million years Billions of years 13.8 billion years

Beginning
of the b
Universe $4

Inflation Formation of Light and matter Light and matter ~ Dark ages First stars Galaxy evolution The present Universe
Accelerated expansion  light and matter are coupled separate Atoms start feeling The first stars and
of the Universe Dark matter evolves « Protons and electrons  the gravity of the galaxies form in the
independently: it starts form atoms cosmic web of dark densest knots of the
dumping and forming - Light starts travelling ~ Matter cosmic web
a web of structures freely: it will become the
Cosmic Microwave
Background (CMB) ‘

SARAS : Shaped Antenna measurement of
the background RAdi1o Spectrum
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APSERa: What’s the signal?
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What APSERa will be looking for

20-
Cé) ” The nK signal we want to detect
o 10-n
QO c
H =
S22 0
Q o
E'n
O
9 -10{
- U

1 2 3 4 5 6 7

Frequency [GHZz]

Adapted from: Chluba, J., & Ali-Haimoud, Y.,2016, MNRAS, 456, 3494



SARASZ : Shaped Antenna measurement of
the background RAdio Spectrum 2
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Basic scheme - Spectral Radiometer

**Not bolometer (s)

Voltage Sampling Spectrometer

Antenna

Signal-processing

Analog receilver
+ Calibration

Digital receilver

Record data

Data-Processing



Some *notes*

® JLow-frequencies - RJ regime

¢ Don’t worry about angular resolution: wide beam, more
sky-power

® Global / average sky-spectrum (\ell = 0)

¢ High frequency resolution (~1000 channels): observing all
channels all the time
Rich spectral structure in signal
Sky-drift shows up as increase in mean temp, and spectral
index change

®¢ APSERa: Single octave (avoilids self-generated radio
frequency interference from harmonics of system clocks
and local oscillator frequencies)



Confidence in detection (%)

Optimistic prediction: white noise limit
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What’s the challenge

® [Foregrounds
0 Dynamic Range
O Separation
® Systematics
O Noilse
O Shapes
® RFIT



Design principles

MS

Design 1nstrument to have ‘Smooth’ bandpass

We use Maximally Smooth functions to parameterize
smoothness

Each component is custom designed to have MS transfer
function

Check at each stage of integration that MS criteria 1is
satisfied

functions:
Do not allow zero crossings in higher order derivatives
Polynomial in log(v) and log(T)space
]_Ozp[i]*log(v/vO)i
1501.07191
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Optical isolation

SARAS2 receiver schematic

Sits beneath
antenna ground in
a faraday cage
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Antenna requirements

® Frequency 1ndependent

O Else couples spatial to freqg structure
®@ Smooth return loss

O Else introduces ‘shapes’ 1n measured spectrum
e Efficient

O Else deteriorates SNR



Raghunathan et.al 2015 IEEE-APS
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Analog system

® Short cable lengths

® Move to optical early

® To operate 1n receiliver nolse dominated mode reaching to
reach thermal noise dominated

® RBatteries (no SMPS / AC-DC)

® Prototype vl will have room-temperature amplifier



Digital system
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ADC calibration :

Time Interleaved plots of ADC1 and ADC2
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Move towards direct sampilng

SPARC -Spectrometer for Precision
meAsurement of signals from the
Recombination epoCh

Demonstrated operation of the two
ADSANTEC ADCs on SPARC at 4Gsps
using optimised VHDL firmware to
grab high-speed data from ADCs.
Currently, evaluation of the
optimised VHDL firmware to
configure the SPARC in correlation
spectrometer mode is 1in progress.
In this mode 1024-point
autocorrelation spectra( from the
two ADCs) and the cross-correlation
spectrum are computed in real-time.

Courtesy: K.S. Srivani, B.S. Girish



** Long laundry list, keep checking off as we go

Prototype steps

® Demonstrate integrability of custom designed antenna, analog, and digital
receiver

® Lab characterization of system characteristics - 1n particular bandpass
calibration

@ TField readiness

®¢ Optimize for scalability



What’s keeping us up at night

® Additives

O Multi-path propagation of receiver noise within the signal path -
via reflections at impedance mismatches — may cause confusing
spectral ripples if the path delays are right (or wrong!)

0

With SARAS? we have been able to achieve smooth receiver transfer
function at 1 part in 10000 level including reflections!



Rungs on the ladder/snake

Atmosphere ?
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Galactic recombination lines?
Polarization to temperature

leakage ?
structure ?
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SARASZ beam
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SARAS? reflection coefficient

Reflection Coefficient (dB)
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Adopting an 1nadequate model would result 1in systematic
residuals to the fit to foregroundstsystematics. The least
squares fit would attempt to maximize the correlation (or
anti-correlation) of these residuals to the 21-cm template
under consideration so that including a scale factor times
the 21-cm template, the overall residuals would be a
minimum. Consequently, the unmodeled foreground+systematics
might partially or wholly mimic the 21-cm signal—thus
yielding a false positive—or partially or wholly cancel a
true 21-cm signal 1in the data, thus vyielding a false
negative. In these circumstances small fit residuals might
suggest excellent fits with low formal statistical errors in
the fitted scale factor a; however, the errors are obviously
underestimates since the unmodeled systematics are not

considered in the error computation.
1711.11281v1



Experiment Frequency Range | Antenna Presence | Calibration Scheme Type of Spec-
of Balun trometer
SARAS 2 40 — 200 MHz Spherical No Noise source coupled into system | Cross-correlation
Monopole  an- via power combiner without Dicke
tenna switch
EDGES 100 — 200 MHz | Blade Antenna Yes Switching between antenna and | Auto-correlation
(High-Band) noise source
50 — 100 MHz
(Low-Band)
BIGHORNS 70 —200 MHz Conical log- | Yes Switching between antenna and ref- | Auto-correlation
spiral antenna erence load
SCI-HI 40— 130 MHz Hlbiscus antenna | Yes Switching  between  antenna, | Auto-correlation
50 ©,100 Q and short termination
LEDA 40— 85 MHz Dual-polarized Yes Switching between antenna and | Auto-correlation

dipole antenna

noise source combined with cross-
correlation from other antennas for
antenna gain and beam estimation

Singh et.

al 2017

1710.01101




Patra. al 2013
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