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LEDA – Cosmic Dawn

- Terminal conditions for Dark Age 
- Initial conditions for EOR
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LEDA Take Aways
• Operational radiometric array – λ21cm zero-mode, z~20
• Combined with an imaging array, OV-LWA

- spectrometer (science signal)
- correlation (calibration of gain patterns, sky, …)

•Residuals (01/16 data):  two analysis paths
-     −890 < AHI < 0 mK    (95% CL)            Bernardi, Zwart, Price, LG et al. 16

-       ∆z > 1.9 @ z ≃ 20    50-85 MHz
-     ±2 K p-p                    65-79 MHz         Price, LG, et al.  1709.09313

• Late 2017:  final gen. h/w and signal path model. 
• Dual use:  seek limits on high-order modes
• EOS array:  conceptual instr. for CD power spect. detection
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Assertion 

Cosmic Dawn              – appearance of ubiquitous Lyα background     z > 20 
                                    – pre-galactic and early galactic topography

adapted from M. Eastwood
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Expected 21-cm Signal: An Example 
 Global Signal 

Power Spectrum 

Drivers: 
Galaxies 
Quasars 
XRB  
BHs 
Hot Gas 
SN 
First stars 
Feedbacks 
Velocity flows  
Cosmology 
Atomic physics 
Exotic physics 
 
 
 
 
 
 

Stars       

Dominant Drivers
Exotic physics
Atomic physics
Cosmology
Velocity flows (BAO)
Stars
Stellar feedback
SN
Hot gas
XRB
BHs
Galaxies
Quasars

s

LEDA: LG & Bernardi ’12
         Bernardi, McQuinn, LG ’15
         Bernardi,  Zwart, Price, LG ‘16
         Price, LG, Fialkov, … (arXiv: 1709.09313)

LEDA

Dominant CD & EOR physics differ !
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Jα/JX

Cohen, Fialkov, Barkana 2016

Sobering overlap of global signal model space 
and broadcast RFI (FM radio, some TV) @ OV-LWA

FM
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LEDA
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~ 6 m
Greenhill

LEDA Radiometer [1of 5]

Metal mesh
up to 9m x 9m

cattle
dry 

silica

dry 
brush
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Noise Src

Thermometer
wiring

dual pol. RX card

Power card

Antenna
terminals

Noise Src

LEDA RX on a PCB

Ctl. logic
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LEDA RX on a PCB
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~ 212m

LEDA Spectrometers
& GPU Correlator

Owens Valley
Radio Observatory

251 dual-pol.
dipole antennas

5 redundant
LEDA dual pol. 
dipoles

The "Calibration System"
      radiometry with partial interferometric calibration

Greenhill / Barsdell

south

LWA station core
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"Null Hypothesis" test (’16)
Calibrated sky

unc. x 103 

Successful obs. in TV 
bands and just  

3 MHz shy of FM; 
OVRO is a good site

(Bernardi, Zwart, Price, LG et al. 16)

  Gaussian signal model
−890 < AHI < 0 mK    (95% CL)     
   ∆z > 1.9 @ z ≃ 20  (σHI > 6.5 MHz)
   RMS = 470 mK ~ 0.02% x Tsky(60 MHz)

HIBAYES pipeline 
    MultiNEST-based (Buchner+ ’14) 
   Season 2 data 
   9:30 < LST < 11:30 
   2016 Feb 12 
   FE ver. (N-1)
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Radiometer design and calibration for LEDA 23

Figure 29. Calibrated sky temperature LWA-OVRO on 2016-01-27, as measured with three independent radiometer systems. Each
dynamic spectra shows the sky temperature as a function of frequency over 24 hours of local sidereal time.

Figure 30. Calibrated sky temperature at LST 12:00, 2016-
01-27, for antennas 252A, 254A, 255A (top), and 254B, 255B
(bottom).

noise waves using a commercial impedance tuner in lieu of
an open cable would offer an alternative characterization of
the LNA noise waves.

Here, we applied the calibration formalism of Rogers
& Bowman (2012). Other approaches, such as the matrix-
based calibration approach of King (2010); King et al.
(2014) offer an alternative approach based on more modern
formalisms of noise characteristics. The approach of Mon-
salve et al. (2016), in which extra calibration parameters
are included to better fit the data, also offers an alternative
avenue toward improved instrument modeling.

Figure 31. Fractional difference between calibrated spectra as
shown in Fig. 30.

Our absolute temperature calibration relies upon
a HP346C noise source with manufacturer-supplied
characterization. Cross-calibration with other calibra-
tion standards, and/or experimental verification of the
manufacturer-supplied parameters, may provide improved
accuracy of the absolute temperature scaling.

8.2 Interferometric approaches

While LEDA primarily a radiometric experiment, the in-
terferometric capabilities of LWA-OVRO may be leveraged
to explore alternate avenues toward detection of the CD

c� 2015 RAS, MNRAS 000, 1–27

Radiometer design and calibration for LEDA 23

Figure 29. Calibrated sky temperature LWA-OVRO on 2016-01-27, as measured with three independent radiometer systems. Each
dynamic spectra shows the sky temperature as a function of frequency over 24 hours of local sidereal time.

Figure 30. Calibrated sky temperature at LST 12:00, 2016-
01-27, for antennas 252A, 254A, 255A (top), and 254B, 255B
(bottom).

noise waves using a commercial impedance tuner in lieu of
an open cable would offer an alternative characterization of
the LNA noise waves.

Here, we applied the calibration formalism of Rogers
& Bowman (2012). Other approaches, such as the matrix-
based calibration approach of King (2010); King et al.
(2014) offer an alternative approach based on more modern
formalisms of noise characteristics. The approach of Mon-
salve et al. (2016), in which extra calibration parameters
are included to better fit the data, also offers an alternative
avenue toward improved instrument modeling.

Figure 31. Fractional difference between calibrated spectra as
shown in Fig. 30.

Our absolute temperature calibration relies upon
a HP346C noise source with manufacturer-supplied
characterization. Cross-calibration with other calibra-
tion standards, and/or experimental verification of the
manufacturer-supplied parameters, may provide improved
accuracy of the absolute temperature scaling.

8.2 Interferometric approaches

While LEDA primarily a radiometric experiment, the in-
terferometric capabilities of LWA-OVRO may be leveraged
to explore alternate avenues toward detection of the CD

c� 2015 RAS, MNRAS 000, 1–27

2016 Signal Path Model

   Season 2 data 
   0:00 < LST < 24:00 
   2016 Jan 12 
   FE ver. (N-1) 
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Radiometer design and calibration for LEDA 23

Figure 29. Calibrated sky temperature LWA-OVRO on 2016-01-27, as measured with three independent radiometer systems. Each
dynamic spectra shows the sky temperature as a function of frequency over 24 hours of local sidereal time.

Figure 30. Calibrated sky temperature at LST 12:00, 2016-
01-27, for antennas 252A, 254A, 255A (top), and 254B, 255B
(bottom).
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Radiometer design and calibration for LEDA 23

Figure 29. Calibrated sky temperature LWA-OVRO on 2016-01-27, as measured with three independent radiometer systems. Each
dynamic spectra shows the sky temperature as a function of frequency over 24 hours of local sidereal time.
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noise waves using a commercial impedance tuner in lieu of
an open cable would offer an alternative characterization of
the LNA noise waves.

Here, we applied the calibration formalism of Rogers
& Bowman (2012). Other approaches, such as the matrix-
based calibration approach of King (2010); King et al.
(2014) offer an alternative approach based on more modern
formalisms of noise characteristics. The approach of Mon-
salve et al. (2016), in which extra calibration parameters
are included to better fit the data, also offers an alternative
avenue toward improved instrument modeling.

Figure 31. Fractional difference between calibrated spectra as
shown in Fig. 30.

Our absolute temperature calibration relies upon
a HP346C noise source with manufacturer-supplied
characterization. Cross-calibration with other calibra-
tion standards, and/or experimental verification of the
manufacturer-supplied parameters, may provide improved
accuracy of the absolute temperature scaling.

8.2 Interferometric approaches

While LEDA primarily a radiometric experiment, the in-
terferometric capabilities of LWA-OVRO may be leveraged
to explore alternate avenues toward detection of the CD

c� 2015 RAS, MNRAS 000, 1–27

Surprises / motivation for 2018 rev. 
Spectral index is too flat  
1% variations Tsky among antennas 
2% diffs. sky vs model along υ-axis 

(Price. LG, Fialkov, Bernardi et al.   arXiv:170909313 )

2016 Signal Path Model
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– power spectra –
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38-48 MHz

Engineering Grade Power Spectra
XX

YY

67-77 MHz engineering 
tests 

on the way  
to science. 

Diffuse emsn. 
is a DNR 

challenge for 
FG avoidance

DNR: 2x104DNR: 7x104
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– a cosmic dawn array –
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Baseline: 919 ant., ∅1km, 104 m2 

Sidelobe levels:  0.6% pk 
FG avoidance  & subtraction strategics 
Regularized version of LWA antennas and coplanarity

Array Optimized for Cosmic Dawn 
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EOS Array

FM
 ra

di
o

Are high-order modes w/in reach despite FM RFI…
A. Fialkov



Aspen – 18Feb08

EOS Array Sensitivity

SNR marginalized 
over k 

3000h 

SNR∝1 / Bmin

Bmin=30m



LEDA Take Aways
• Operational radiometric array – λ21cm zero-mode, z~20
• Combined with an imaging array, OV-LWA

- spectrometer (science signal)
- correlation (calibration of gain patterns, sky, …)

•Residuals as of Jan. 2016:  two analysis paths
-     −890 < AHI < 0 mK    (95% CL)            Bernardi, Zwart, Price, LG et al. 16

-       ∆z > 1.9 @ z ≃ 20    50-85 MHz
-     ±2 K p-p                    65-79 MHz         Price, LG, et al.  1709.09313

• Late 2017:  final gen. h/w and signal path model
• Dual use:  seek limits on high-order modes
• EOS array:  conceptual instr. for power spectrum detection
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RFI
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Radiometer design and calibration for LEDA 21

Figure 22. Dynamic spectra for antenna 252A on 2016-01-26 after RFI flagging. Flagged data are shown in white; color mapping is
in Kelvin.

Figure 23. Top: measured antenna temperature for antenna
252A at LST 11:00, 2016-01-26. Bottom: measured antenna tem-
perature at 60 MHz over a 24-hour period.

The fractional difference between the spectra in Fig. 30
is shown in Fig. 31; measurements are consistent to ±5%
between 40-83 MHz.

8 DISCUSSION

In this paper, we have presented the design and preliminary
characterization results for the LEDA radiometer systems.
The path toward detection of the 21-cm CD trough will
require iterative improvements of the analog systems and

Figure 24. Fraction of data flagged by dpflgr for day (red)
and night (blue).

analysis methods, as knowledge of the instrumental system-
atics improve.

An important outstanding step that is empirical mea-
surement of the antenna gain pattern for each outrig-
ger antenna. As discussed in Bernardi et al. (2015) and
Mozdzen et al. (2016b), beam-induced chromaticity limits
foreground subtraction: this motivated a complete redesign
of the EDGES antenna to improve chromatic performance.
While an empirical beam model for (closely-packed) LWA
antennas has been derived by Dowell et al. (submitted), cal-
ibration requirements motivate a per-antenna model. Mea-
surements between three antennas (Sec. 7.5) show agree-
ment to within ±5% between 40-83 MHz; variation in an-

c� 2015 RAS, MNRAS 000, 1–27

Price, LG, AF, Bernardi et al. ‘17


