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Abstract

We detail the REACH radiometric system designed to enable measurements of the
21-cm neutral hydrogen line. Included is the radiometer architecture and end-to-end
system simulations as well as a discussion of the challenges intrinsic to highly-
calibratable system development. Following this, we share laboratory results based on
the calculation of noise wave parameters utilising an over-constrained least squares
approach. For five hours of integration on a custom-made source with comparable
impedance to that of the antenna used in the field, we demonstrate a calibration RMSE
of 80 mK. This paper therefore documents the state of the calibrator and data analysis
in December 2022 in Cambridge before shipping to South Africa.

Keywords Radiometer - Calibration - Cosmology - Instrumentation - Dark ages -
Reionisation

1 Introduction

The Radio Experiment for the Analysis of Cosmic Hydrogen (REACH) [1] is designed
to measure the impact of the intergalactic medium (IGM) on the 21-cm neutral hydro-
gen line attributed to X-ray and UV emission from the first bright objects in the
Universe [2]. This “global” experiment focuses on detecting the spatial 21-cm cos-
mic signature which is orders of magnitude smaller than the bright foregrounds at
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frequencies in the region of 50-200MHz. As such, the experiment requires instru-
mental calibration of millikelvin-level accuracy to remove systematics that would
ordinarily hinder such a measurement.

A number of global experiments have already been conducted in this domain such
as SARAS [3] and LEDA [4] as well as EDGES, which in 2018 reported the detection
of an absorption profile at 78 MHz, potentially revealing the general characteristics of
the Epoch of Reionisation (EoR) and Cosmic Dawn such as the onset of reionisation
and the start of active black hole accretion [5]. While centred within the low-frequency
radio regime proposed by theorists [6], the signal depth is more than two times larger
than predictions (> 0.5 K), which if physical could suggest additional cooling of
interstellar gas [7] or an excess radio background [8]. Following the EDGES result,
several studies have now disputed the findings such as SARAS-3 which rejects the
EDGES best-fit profile with 95.3% confidence [9], hypothesising that analysis is still
systematics dominated [10].

In response to the questioned reliability of the EDGES detection, REACH is
designed to address some of the perceived limitations of previous experiments through
re-evaluation of the ethos taken for data analysis and systematic modelling as well as
placing emphasis on radio-frequency (RF) system stability and temperature control.
Our approach includes high-quality RF components such as a well-matched low noise
amplifier (LNA), switching electronics and calibration loads to enable measurements
of noise wave parameters as linear analogues to the standardised noise parameters
described in Meys [11] which specify the noise generated and reflected by the first
amplifier down to millikelvin levels. These considerations result in a fully automated
in-field calibration system for determining the instrument characteristics with minimal
human interaction.

The sensitive nature of the measurements performed by this radiometer necessitates
that everything from the antenna terminals to the back-end digital system be well cali-
brated. In this paper, we detail the general calibration formalism (Section 2), followed
by the full radiometric system design in Section 3. Important corrections to be applied
to the data prior to computing the calibration parameters are given in Section 4. This
is followed by results obtained from a least squares solver for a laboratory dataset
taken over five hours in Section 5 where we achieve an RMSE of approximately 80
mK for the “simulated” antenna and approximately 30 mK for long cable sources. We
conclude with some lessons learned from the system design and results in Section 6.

This paper documents the state of the calibrator and associated data analysis before
leaving the Cavendish Laboratory in Cambridge in December 2022. Further work
will detail any adjustments in the instrument arising over 2023 from the travel to
Stellenbosch in South Africa, through EMI testing and then onto the REACH site in
the Karoo desert.

2 Calibration formalism

The primary goal of the REACH radiometer is to effectively model the measurement
system and remove systematics downstream of the antenna that hinder our ability
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to detect the cosmological signal. Whilst conceptually the REACH instrument relies
only on a few subsystems, namely the antenna, receiver (front-end) and readout system
(back-end), understanding the interaction between these subsystems (particularly the
antenna and receiver) is critical in determining the absolute systematic structure to be
removed from the data prior to any data analysis. A simplified picture of the radiometer
problem is illustrated in Fig. 1, which shows the antenna and receiver (in this case
denoting the entire RF signal chain).

Of the effects shown in Fig. 1, the spectral shape of noise arising from mismatches
(M) between the antenna and receiver is of primary importance for this work. If both
subsystems are perfectly matched, the reflection coefficient is zero and the reliance
on this form of calibration diminishes. However, it is simply impractical to develop
an achromatic antenna that provides a perfect match to the receiver across a broad
bandwidth as used by REACH to leverage spectral differences between astrophysical
foregrounds and potential cosmological signals [1]. This limitation is often due to
the practicalities of designing low-frequency antennas. Given that the foregrounds at
these frequencies (< 200 MHz) are up to five orders of magnitude larger than the the-
oretical cosmic signature, any subsystem mismatch can result in considerable spectral
variation across the measurement band on the order of tens of Kelvin. Furthermore,
whilst historically relative calibration was used for narrow-band radiometers, wide-
band instruments must obtain an absolute flux scale across the frequency band in order
to measure the frequency-dependent sky-averaged brightness temperature [13].

A first-order relative spectral calibration of such a system is achieved through
the use of three-position Dicke switching [14] where, in addition to making antenna
power spectral density (PSD) measurements (Psource), PSDs are also obtained from

. L _ o Tsky @, Q). [F (v, Q) |2dQ2
- S A~
/ :. | I, I F (v, 0)12d0
l\\ ’__ // I
. I Tont Trec
antenna
Antenna le— O Pout = kBGreoM*Ta+ Trec)
TA ' e (M=1if '=0)
Frec_>| .
| Receiver

Fig.1 Simplified antenna-receiver interaction for a global experiment showing 7 as the antenna beam | F 12
integrated with the sky brightness function Tgky over frequency v and coordinates above the horizon 2 [12].
Here, the receiver input reference plane is shown by the dashed line where antenna mismatches (M # 1)
cause reflections that can enter the receiver as noise. Properties of the receiver such as its characteristic
gain (Grec) contribute directly to the power spectral output, Pyt measured by the back-end. This diagram
assumes no antenna losses
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a high-quality noise source (Pns) and an ambient 50 €2 load (Pr) at a fixed input
reference plane to the receiver. A preliminary antenna temperature T ... can then be
calculated using
% P, source — P L

Tource = TNs ( Pxs — PL ) + T, ()]
with the noise wave parameters 71, and Tng relating to the noise temperatures of the
load and the excess noise temperature of the noise source, respectively. Calculation
of the preliminary antenna temperature serves to calibrate out time-dependent system
gain (gsys) arising from the components within the receiver chain [15].

To model the system interactions, we first define the PSDs obtained for the refer-
ence load and noise source. Since the reflection coefficients of these components are
generally measured to be very small (typically on the order of 0.005 or less), we can
simplify these interactions by assuming the reflection coefficient is zero, resulting in

PL = g [T (1= ITcl?) + To] @)

Pus = goys [ (TL + Ts) (1 = ITcl?) + 7o | 3

Here D'y is the reflection coefficient of the receiver. gsys and Tj are the system gain
and temperature offset, respectively [15]. The Boltzmann constant as shown in Fig.
1 has been truncated into gsys for the power spectral density equations as the terms
cancel when dividing the PSDs.

In the case of the source (calibrator or antenna), the assumption of a low reflection
coefficient is no longer true. Therefore we can use the following definition [15, 16]

2
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] - Fsourcerrec

Here, Tsource is our calibrated input temperature and gsys is the system gain referenced
to the receiver input. Since the reference plane in our system is fixed, we can assume
both ggys and T are the same as in (2) and (3) which simplifies our calibration equation
later. Tunc, Tcos, and Tiin are the noise wave parameters introduced by Meys [11] and
Rogers and Bowman [13] to calibrate the instrument. Ty represents the portion of
noise reflected by the antenna that is uncorrelated with the output noise of the LNA,
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whilst T¢os and Ty, are the portions of reflected noise correlated with noise from the
LNA [13, 16]. In the EDGES experiment, these calibration quantities are modelled
using seven-term polynomials in frequency [15].

Inserting the definitions for Psource, PL and Pns into (1) yields our calibration
equation which relates the noise wave parameters to measured quantities of our system.
All parameters are frequency-dependent.

Psource — P 1 — [Tsource|?
TNS ( source L) + TL _ Tsource [ | source| 21|
PNS - PL |1 - Fsourcerrec|

I source | }
L |1 - Fsourcer‘rec|2
B l—‘S()Lll’Ce T

Re < 1 _Fsuurce 1—‘rex: ) (5)

vV 1 - |Frec|2

— o —_
Im source
I—Tsource'rec

A% 1 - |1—‘rec|2

+ TUHC

+ TCOS

~+ Tsin

We can then rewrite (5), separating out the measured quantities (X-terms) as detailed
in Roque et al. [16], resulting in a simplified form

Tsource = XuncTunc + XcosTeos + XsinTsin + XNsTNs + XLTL. (6)

Furthermore, the linear form of this equation allows us to segregate the instrument
measurements and models of our noise wave parameters into separate matrices

X= (Xunc Xcos Xsin XNs XL) ’
T
0= (Tunc Teos Tsin TNs TL) ’ 7

which condenses our calibration equation, with noise term o, to
Tsource = XO + 0. ®)

This equation can be solved to determine ®, representing the five noise wave
parameters, in a number of ways. As described in n Roque et al. [16], a Bayesian
framework has already been developed and tested on simulated data. However, we
have also developed a standard least squares method that computes the calibration
coefficients on a frequency-by-frequency basis rather than one using polynomial fit-
ting. It is the latter method that we will rely on to show the functionality of this system
in Section 5, however, the different approaches being proposed for analysing this data
will be addressed in a later paper.

The system is calibrated by solving the set of linear (5)’s for our noise wave param-
eters with data from various simple ‘calibrator’ devices informing the solution. The
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number of calibrators can vary as long as there are a sufficient number of devices to
constrain the equations under the caveat that these sources have distinct impedances to
give maximal information on the response of the system. Once a solution is calculated,
this information is applied to a complex impedance of unknown temperature such as an
antenna configuration looking at the night sky. The procedure for choosing calibrators
under the REACH experiment can be found in Section 3.1.

3 Receiver design

One approach setting the REACH radiometer apart from other systems targeting 21-cm
cosmology is the capability of in-field calibration using minimal laboratory-based data.
The reason for this is that once the system is deployed and exposed to the elements,
ensuring environmental stability over long time periods is difficult. This necessitates
an effective, fully autonomous system for data acquisition on a regular basis to be used
for routine updates or calculation of the noise wave parameters.

The REACH system relies on three forms of data to calibrate, which are measured
by different circuits. The reflection coefficients of the calibration sources, antenna and
receiver are measured by a Copper Mountain Technologies TR1300/1 vector network
analyser (VNA). Power spectral densities are measured by a SanitasEG iftalian Tile
Processor Module (iTPM) [17] spectrometer and finally, the physical temperature of
the sources are measured by a Pico Technology TC-08 data-logging thermocouple.
An overview of the radiometer is shown in Fig. 2.

The radiometer front-end houses the main receiver and calibration sub-system while
the back-end, separated by a 100 metre distance, handles data collection, control
and signal processing. As shown in Fig. 2, the front-end employs low-loss mechan-
ical switches (typically 0.01 dB in this band) with better than 100 dB isolation. The
main 8-way switch (MS1) allows switching between the antenna and various sources
described in Section 3.1. A transfer switch (MTS) permits VNA measurement of the
source and LNA reflection coefficients. To initially calibrate the VNA, switch MS2
toggles between a short (S), open (O) and load (L) standard before verifying the cal-
ibration accuracy against an independently characterised test load (TL). Since this
VNA calibration is done at a different reference plane, calculations are performed to
de-embed the extra signal path and ‘move’ the VNA data to the receiver reference
plane as described in Section 4.

An onboard microcontroller unit facilitates switching along with other functions
such as environmental temperature control. A USB-to-fibre converter is used to send
signals to the microcontroller and VNA. Following the LNA, another module (AMP1)
amplifies and filters the signal before transmission via a radio-frequency-over-fibre
(RFoF) optical transmitter. The RF optical signal is transmitted via single-mode optical
cables to avoid interference and to limit signal loss. All signalling, whether control
or RF, is transmitted via single-mode fibre back to the back-end node where they are
converted to electrical signals. In the RF signal chain, AMP2 is used to convert back
to RF, offering further filtering and amplification prior to digitisation in the readout
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Fig. 2 An overview of the REACH radiometer showing calibration sources and the antenna connected to
an 8-way mechanical input switch which is then connected to the receiver. The green sub-blocks represent
off-the-shelf components, whilst blue represent custom designs. 'y, represents the reflection coefficient
of the antenna or calibrator, I'; is the reflection coefficient of the receiver. The red dashed line represents
the extra path measured by the VNA that is not present during spectral measurements while the purple
dashed line is the path present exclusively during spectral measurements. Corrections for these additional
paths are detailed in Section 4.1. ‘ENR’ is the Excess Noise Ratio of a Noisecom NC346A noise source;
‘OTX’ indicates an optical transmitter; “TX’ indicates transmission mode; “TEC’ stands for Thermoelectric
Cooling; ‘SMA’ is a SubMiniature version-A connector; ‘PA’ is Power Amplifier; ‘RX’ indicates reception
mode and ‘Atten.” represents a signal attenuator. Updated from figure included in de Lera Acedo et al. [1]

system (iTPM) controlled by a server. Further details of the full environmental node
and other control aspects are discussed in de Lera Acedo et al. [1] but are outside the
scope of this paper. Essential design blocks are detailed in the following sections.

3.1 Calibration sources

One of the critical elements of the REACH radiometer is the calibration sources. The
primary objective of using these sources is to permit strategic sampling of the noise
waves as a function of impedance. In the case of EDGES, four sources were used; a
heated (hot) and ambient (cold) 50 €2 load were measured to obtain a scale and offset,
denoted as C and C; in EDGES terminology, respectively. This was followed by two
additional calibrators made from coaxial cables terminated with a shorted load and an
open load which provide information on the noise wave parameters used to calibrate
the instrument [15].
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For REACH, however, we can rely on up to 12 calibrators as shown in Fig. 2. These
are in addition to the reference sources which are used to obtain Pys and Pp . The final
calibrators used are listed below.

A thermal noise source (50 2 heated to 370 K)

An ambient 50 Q2 load (the same load used to obtain Pp)

Ambient 25 2 and 100 €2 loads

A 2 m cable connected to switch MS3 (terminated in 27 €2, 36 €2, 69 Q, or 91 Q2)
at ambient temperature

e A 10 m cable connected to switch MS4 (terminated in Open, Short, 10 €2, or 250
2) at ambient temperature

A diverse set of calibration sources will give the maximal amount of information for
calibrating the receiver. Figure 3 demonstrates the comprehensive scope of frequency-
dependant impedances for our calibration sources as well as a simulated impedance
of the REACH dipole antenna covering 50-150MHz [18]. As noted in de Lera Acedo
et al. [1], REACH will also use a log periodic spiral antenna to make concurrent
observations from 50-170MHz. Furthermore, since we are trying to determine five
frequency-dependent noise wave parameters (denoted as @), it helps to have access to
more than four calibration sources, over-constraining the parameters in a frequency-
by-frequency least squares sense. Figure 3 also demonstrates measurements of the 25 2
and 100 2 loads as half circles on the Smith chart, which differs from the theoretical
points at 25 @ and 100 2 due to the practical limitations of real-world impedance
measurement and exacerbated by the additional RF path in our receiver between the
MS1 switch and the VNA reference plane as shown in Fig. 2. These effects were the
motivation for the corrections detailed in Section 4.1.

Of the 12 calibrators accessed by the radiometer, the heated load determines an
absolute temperature scale. It is constructed from a 50 2 load, heated with a pro-
portional heater to 370 K and connected to MS1 via a thin 4-inch coaxial cable. The
construction of the heated load module, as a 50 2 resistor connected to a heating
element directly monitored by a thermocouple, yields accurate measurement of the
heated load temperature.! This is beneficial for the removal of systematic noise via
accurate noise wave parameter derivation, but sacrifices the constant noise power in
frequency native to the diode noise source. This constant noise power is necessary for
maximal radiometer measurement accuracy through removal of the time-dependent
system gain fluctuations via the Dicke switching procedure.

3.2 RF signal chain

The RF signal chain shown in Fig. 2 consists of three custom-designed components:
LNA, AMP1 and AMP2. These components have been simulated in Keysight Path-
Wave RF Synthesis (Genesys) software, relying especially on linear analysis as well
as the Spectrasys RF Systems software for RF budget simulations. The optimisa-
tion tool has also been used for tuning, in particular for filter design. Many of the

' Sum of +£0.2% of reading and £0.5 K based on Pico Technology TC-08 specifications
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Fig.3 Smith Chart showing the impedance of twelve calibration sources and the simulated REACH antenna
(internal variant #0744) with the centre of the plot indicating an impedance of 50 2. The plot ranges from
50-150 MHz with the antenna curve starting at 50 MHz on the left-hand side. The extensive coverage in
impedance space by our calibration standards can be interpreted as a substantial amount of information
regarding the characteristic response of the instrument. Note that the impedances of the ambient and heated
50 €2 loads lie directly in the middle of the chart and are partially obscured by the antenna plot. Updated
from figure included in de Lera Acedo et al. [1]

amplifier components used in the simulation have either been measured directly with
a VNA or modelled using substrate-scalable components developed by Modelithics.
An overview of the RF simulation setup is shown in Fig. 4.

3.2.1 LNA

The LNA is designed using a pair of cascaded CMA-84+ SMT gain blocks from Mini-
Circuits and high-quality attenuator blocks to achieve exceptional input matching and
a spectrally flat passband response. The LNA is not especially low noise in the strict
sense as it has a flat noise figure of 5.1 dB. However it is expected that this will have
a limited impact on the REACH global experiment which is not sensitivity limited. In
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REACH_LNA Part=XLF-42M Part=RHP-44 Part=PHA-13LN (5V)
=, N
> T
Port_1 25 { 2.5 f
20=500 Part=RCAT-03 Part=RCAT-03 Part=Gali-S66 Part=RCAT-03 Part=RCAT-03
PORT=1
RFoF_Link
5]
Part=ADP-2- |+
Part=XLF-42M EQ1 {EQ_filter_LowLOSS} Part=PHA-13LN (5V)

—>
Port 2
> 1 S Par( RCAT 02)z0=50 0
pom:z
Part=Gali-§66 Part=RCAT-03

Pan RCAT-02,

Part=RCAT-03
Part=ADP-2-1+ a REAGH_LPF

R1
R=50Q

R3
R=50Q

Fig.4 REACH RF system end-to-end block simulations made with the Keysight PathWave RF Synthesis
software showing the LNA, as well as custom design for AMP1 and AMP2

the range where the REACH dipole is best matched (60—-120 MHz), the system will be
sky noise dominated, whilst at frequencies greater than 120 MHz, we expect reduced
sensitivity. The typical trade-off made with such amplifiers is noise versus match.
Typically the better the match response of the amplifier, the poorer the noise figure,
although these can be tuned to a certain degree if relying on discrete components.

For REACH, the main priority is reducing the amplifier input reflection coefficient
(S11) to -30 dB or lower since this would reduce the impact of the noise waves.
Furthermore, another important consideration was gain variation with temperature.
In both cases, having evaluated a number of different amplifiers, we settled on the
CMA-84+. Having higher noise from the LNA directly impacts the noise waves we
obtain resulting in larger values for Tync, Tcos, and Tgin Which is further amplified by the
antenna reflection coefficient. In general, having smaller noise waves is more optimal,
however, having tested the calibration system against two different LNA modules
including an amplifier based on an ERA-50SM+ chip offering a NF of 3.3 dB, we
determined better stability over time with the CMA-84+. Measurements of the LNA
S-parameters are included in Fig. 5 showing a good input-output match at better than
-30 dB over the observational band as well as a remarkably flat response of 40 dB of
gain.

3.2.2 AMP1 and AMP2

Following the LNA, the RF signal is further amplified and high-pass filtered in the
AMP1 module before going through a passive 1310 nm RFoF link. Since the link has
aloss of typically 18 dB, mainly constrained by the Relative Intensity Noise (RIN) of
the laser in the optical transmitter, a reasonable amount of upfront gain (approximately
70 dB) is used to reduce the impact of higher noise on the system. In the simulations
shown in Fig. 4, the RFoF link consists of the optical transmitter (in AMP1), a length
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REACH LNA S-parameters
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Fig.5 Measured S-parameters of the REACH LNA imported to the end-to-end simulation diagrammed in
Fig. 4. The shaded region represents the REACH observation band of 50-170 MHz. The S| and Sy, are
shown to have a good match at -30 dB across the observation band while the S>; demonstrates remarkable
stability. Adapted from figure included in de Lera Acedo et al. [1]

of 100 m single-mode fibre and the optical receiver (in AMP2). This was characterised
by a VNA at different power levels and used as a single block in the full end-to-end
simulations.

The RFoF link minimises the impact of radio-frequency interference (RFI) and
cable loss over the 100 m separation between the front- and back-ends compared to
coaxial cables. At 1310 nm, the RF loss in the single-mode cable is typically less than
1 dB including the connections at either end. The RFoF module itself was designed
by Polycom using our specifications for the HERA EoR experiment [19]. The optical
transmitter and receiver sub-assemblies were small solderable printed circuit boards
terminated in FC/APC connections at the end of a 0.5 m pigtail.

In the back-end, the AMP2 module was used to convert the optical signal back to
RF, providing further filtering and amplification. A custom-designed 11-order Cauer
Chebyshev low-pass filter was used to sharply filter signals above 170 MHz, since the
goal was to use an RF sampling of 400 MSPS in the iTPM, limiting out-of-band signal
power. Furthermore, a 2-stage MMIC reflectionless low pass filter from Mini-Circuits
(XLF-42M+) was used in both AMP1 and AMP2 to filter much higher frequency
out-of-band signals up to many GHz. To flatten the passband to 2 dB, an additional
low-loss 3 dB equalisation circuit was used in AMP2. Both the AMP1 and AMP2 units
rely on the GALI-S66+ limiting amplifier and the PHA-13LN+ mid-power amplifier
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AMP2 + noise
injection
(optional)

Fig.6 REACH RF chain hardware including the LNA and AMP1 interiors as well as the back-end AMP2.
Displayed on the far right is the out-of-band noise injection module for conditioning of the ADC

to achieve the best dynamic range prior to the analog-to-digital converter (ADC) in
the iTPM.

AMP?2 also permits the use of an out-of-band signal injection (continuous wave or
filtered noise) to condition the ADC although this was not used in the final system since
it offered minimal improvements to the data. AMP2 has the capability of outputting
two equal signals via a well-balanced power splitter, with the second output either
going to another ADC path or a separate power meter for signal monitoring. Figure 6
shows all the components used in the RF path including the optional out-of-band noise
injection module which is band-limited to DC-20 MHz.

A simulation of the full RF chain end-to-end system response from Keysight’s Path-
Wave RF Synthesis (Genesys) software using Modelithics substrate scalable models
and the measured LNA data is shown in Fig. 7. In this analysis, each block in the
RF chain was first simulated, then built and measured with a VNA with the filtered
passband response optimised through the tools available in Genesys.

3.3 Microcontroller unit

To achieve autonomous operation in the field given the space constraints of the front-
end enclosure and the requirement for low noise, a decision was made early on in
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REACH radio-frequency chain response
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Fig.7 Simulated radio-frequency response of the REACH end-to-end signal-chain as diagrammed in Fig. 4
which includes the LNA, AMP1 and AMP2. The shaded region represents the REACH observation band
where we see a flat noise figure throughout. Adapted from figure included in de Lera Acedo et al. [1]

the project to develop a custom microcontroller unit which would form the heart of
the radiometer. The REACH microcontroller unit is based on a Teensy 3.5, which is
a tiny feature-packed development board designed by PJRC and pre-flashed with a
bootloader. This microcontroller allows easy programming of various functions needed
in the front-end including control of switches and additional temperature monitoring.
A set of low-level functions were developed and used in this project.”

The microcontroller unit provides power supplies for everything except thermal
management. A high level of DC filtering is provided on the input supply to the
receiver (typically 48 V) and for noise critical supplies (LNA, AMP1), a combination
of SMPS and linear regulators are employed for an optimum combination of efficiency
and low noise. With all supplies on and fully loaded, the temperature rise inside the
microcontroller enclosure is only 2 K. A detailed block diagram of the microcontroller
unit is shown in Fig. 8.

To achieve this functionality in a small form factor, the unit was stacked, with the
microcontroller board placed under a custom breakout board which would supply
DC power to various components in the box, send control signals to the mechani-
cal switches and provide additional filtering. This arrangement is shown in Fig. 9.

2 More details can be found at https://gitlab.developers.cam.ac.uk/phy/ra/shc44/reach-rx/-/tree/main/
controller
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Fig. 8 Detailed microcontroller block diagram showing the components, connections and power consider-
ations incorporated into the design

Additional noise reduction measures were applied such as using conductive gaskets
placed under bulkhead connectors.

3.4 Front-end enclosure and thermal considerations

The REACH front-end enclosure was made using an off-the-shelf 500 x 500 x 210
mm stainless steel IP66 box (Rittal 1007.600) with a hinged door that had an elec-
tromagnetic interference gasket placed around the opening to reduce both the impact

Fig. 9 The bottom and top layers of the stacked microcontroller unit. The controller board (left) shows
the Teensy microcontroller on the board’s centre with power supplies on the right of the board. When
housed, the breakout board (right) sits above the controller board as shown and features connection ports,
electromagnetic interference filtering and the noise source (28 V) regulator
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of self-generated RFI from the box to the antenna as well as external RFI sources
feeding into the RF signal chain. The box served two functions, one to be an RFI tight
enclosure for all the front-end electronics and the other to help dump heat generated
from components inside the box to the outside using a custom heat exchanger with a
fan-assisted heatsink.

To achieve the latter, 20 mm nominal thickness Kooltherm type K5 building insu-
lation panels were attached to all the walls inside the enclosure. The actual closed cell
foam thickness was found on measurement to be 18 mm. The receiver components
were mounted on a suspended 3 mm baseplate to allow airflow between the baseplate
and an internal heat exchanger. The heat exchanger consisted of a 113 W Peltier device
coupled to a custom-layered copper thermal stack to spread the heat flux. This stack
ended with a larger copper plate attached to the bottom of the box which would help
spread the heat to the outer wall and was further cooled using an external heatsink and
fan as shown in Fig. 10.

Following experiments done with a 40 W heat source placed in the centre of the
plate, an 8 K temperature gradient was observed across the baseplate. To alleviate
this, a secondary baseplate and fan were placed between the original baseplate and
the receiver’s internal components as rendered in Fig. 10. A negligible temperature
variation of 0.125 K was observed across the secondary plate during measurements.

To control the Peltier device, an off-the-shelf thermoelectric cooler (TEC)
Proportional-Integral-Derivative (PID) controller (Electron Dynamics TC-M-U-10A)
was used. A separate 22 V power supply module was designed to reduce RFI coupling
from the very large switch currents produced. This power supply module also auto-
matically powers the external fans when the TEC controller draws more than 6 watts.
The TEC controller could be programmed with the temperature set point (typically 30
°C in the laboratory) as well as the PID parameters.

INSULATED 1mm STEEL
ENCLOSURE:
500 x 500 x 210 mm

INTERNAL
FAN

FAN ASSISTED HEAT SINK

PELTIER MODULE

LAYERED COPPER
HEAT FLUX SPREADER

SECONDARY
BASEPLATE
Fig. 10 The completed front-end thermal enclosure is shown on the left. A 3D-rendered cross section in

the same orientation is shown on the right depicting the internal fan, baseplate, Peltier module and heat sink
configuration
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3.5 Back-end observation system

The RF front-end which incorporates the in-field calibrator will sit under the antenna
as described in de Lera Acedo et al. [1]. As previously mentioned both the RF and
control signals are relayed back to the back-end system via optical fibres. Following
AMP2 in the back-end node, the RF signal is fed into a high-resolution spectrometer
based on the SKA1-Low iTPM Field-programmable Gate Array (FPGA) board. The
iTPM hosts 16x 14-bit ADC channels (ADI AD9680 chip) and two Xilinx Ultrascale
FPGAs. This system digitises the analogue signal at 400 MSPS using 16,384 chan-
nels resulting in 12.2 kHz resolution per channel. The iTPM provides a platform for
fast development of radio-astronomy digital back-ends. This platform was originally
developed in the context of the Aperture Array Verification System for SKA [17] and
many of the auxiliary functions, such as communication over gigabit Ethernet for mon-
itoring, control and data acquisition, are reused with minimal modifications, while the
FPGA firmware has been customised such that each FPGA processes a single digitised
RF signal using a floating-point FFT and polyphase filterbank incorporating a total of
229,376 tap coefficients [1]. Spectra are then typically accumulated over a number of
FFT frames corresponding to an integration time of approximately 1 second. These
accumulated spectra are then transmitted to the processing server where further accu-
mulation can take place, typically of order minutes. A typical spectrum obtained from
a 20-minute integration on a 50 €2 load is shown in Fig. 11.

Spectrometer output for 50 €2 load
integrated over 20 minutes
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Fig. 11 Typical spectrum obtained from integrating on a 50 €2 load for 20 minutes. A stable power mea-

surement is seen within the REACH observational band (shaded region)
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The back-end control software is responsible for the automation of all control
loops and data taking which is typically initiated by a high-level YAML file. The
process typically involves configuring, initialising and controlling various components
including the VNA and switches. A typical calibration run includes a number of steps
requiring source switching, VNA calibration and measurements as well as spectra
accumulation and hardware monitoring. Upon completion of a calibration run, the
generated output files can then be transferred off-site through a satellite network link,
as described in de Lera Acedo et al. [1].

Figure 12 shows a flow chart for a typical calibration and observation run including
calibration of the on-board VNA using S-O-L standards which is verified using the
test load before measuring the Sj; of the sources, antenna and the LNA. This is
followed by spectral measurements along with concurrent thermocouple temperature
measurements at a cadence of 10 seconds. These data are then used to compute the
noise-wave parameters described in Section 2 either on-the-fly or offline. A caveat
to the multitude of calibration sources installed is the time taken to cycle all of them
through the Dicke switch. A single hour of integration on each calibrator results in 36
hours of total system run time, which extends to 40 hours when including overheads
to ensure thermal stability after switch toggling and VNA calibration.

In a normal observation run, REACH will rely on Dicke switching to observe the
sky, ambient load and noise source on regular intervals of 10-30 seconds resulting
in much shorter integration periods than typically required for obtaining calibration
datasets. It is not yet known how often calibration data will need to be updated to
improve estimation of the noise waves which are likely to change if the internal front-

Within
5% of
Record Measure Measure
csatlei]l:tr;lt'i\:)l:\ calibration file STeittI;zr:i calibrator and [—J»| calibrator
and test load Sy, & D LNA Sy, spectra
Not within 5% of A A

known value

Run calibration
Not within 5% algorithm

of known
value

Not within

5% of past
coefficients Check cal
. coeffs
Within 5% of known value

Within 5% of
past
coefficients

Apply
calibration  [@f—] RFiflagger |« MelzsaL:jr: test
coefficients 11

Start

observation LST trigger

observation

Fig. 12 Typical REACH calibration and observation loop including calibration of the VNA and receiver
as well as data acquisition, checks and processing such as RFI flagging. Various stages are verified via
algorithm before proceeding to the next process
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end enclosure temperature is changed to a different set point. Initially, we expect half
of our data to be used for calibration purposes and the other half for observation of the
sky. Furthermore, since the sky signal will be highly isolated (at least 100 dB) from
the calibration sources we will rely on to obtain the noise wave parameters, we can
treat the process of calibration versus observation as being completely independent of
one another.

3.6 Final deployed system

The final field unit and back-end hardware are shown in Fig. 13. The field unit (Fig. 13a)
houses the various components shown in Fig. 2. The grey rectangular box on the right-
hand side is the TR1300/1 VNA. On the left-hand-side, switches MS3 and MS4 are
visible along with the microcontroller unit, USB to Fibre converter, NC346A calibrated
noise source as well as the hot load which is simply constructed from a proportional
heater placed on a 50 €2 termination, and a 4-inch RG-405 cable. The main MS1 switch
along with MS2 and MTS are also visible towards the top. All RF connections inside
the box are made using RG-402 semi-rigid cables for stability.

The central blue box is the TC-08 thermocouple module which measures the tem-
peratures of MS1, MS3, MS4, hot load, 2 m, and 10 m cables as well as the LNA
and antenna feeding cable to 0.1 K accuracy. These measurements are required for

(a) Front-end field unit (b) Back-end node rack

Fig. 13 REACH front-end and back-end deployable hardware. The front end unit (left) shows the compact
VNA on the bottom right and the TC-08 module in the centre with green thermocouples. A custom oval-
shaped housing for the long cables is seen in white. The various cylinders are the multi-input switches
connected to calibration sources. The microcontroller unit can be seen on the middle-left with the RFoF
link and diode noise source on the top left corner. The LNA and AMP1 modules housed under the TC-08
cannot be seen. The back-end rack (right) shows the RFoF link to ThinkCentre server, a Trimble Thunderbolt
E GPS clock, RJ45 connection switch for communication across back-end devices, power distribution units
and a fan cooling rack. The silver installation houses the iTPM spectrometer, AMP2 module, out-of-band
noise module and ports for measurement of the back-end power consumption via power meter
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calibration and are further discussed in Section 4. The white oval ring is a custom-
designed 3D printed housing unit for the 2 m and 10 m cables. The LNA, AMP1 and
TEC modules are beneath the TC-08 and oval ring and are not visible in this picture.
Various RF cable chokes are used in the box to limit radiation from module to module
and especially limit any control or power signals from intercepting the RF signal path.
This was done through a trial and error process whilst looking at integrated spectra
from the system.

In the back-end rack (Fig. 13b), the bottom 6U module is the enclosure housing
AMP?2 and the iTPM with space available to receive up to two antenna signals. The
enclosure is also cooled using an off-the-shelf Peltier-based heat exchanger. Space is
available inside the enclosure for up to two power meters which could be used in the
field to independently monitor absolute power levels using a USB power meter. This
is useful, especially when dealing with in-band RFI on site.

The back-end rack also houses the server (small footprint Lenovo ThinkCentre),
USB to fibre converter, and a Trimble GPS unit supplying 10 MHz and 1 PPS signals
to the iTPM on the top shelf. There is also an Ethernet-controlled power distribution
unit (PDU) and 1G switch for routing data. Fans are placed inside the rack for better
heat flow inside the node, which is described in de Lera Acedo et al. [1].

4 Additional corrections
4.1 S-parameter corrections

Before S-parameter measurements of the calibration sources are made, the VNA itself
is calibrated using a standardised Short-Open-Load (SOL) set whose signal path passes
through the MS2 switch. The signal path of the calibration sources however includes
an additional path length through the MTS switch as shown by the red dashed lines in
Fig. 2. These additional signal paths are also not present during spectral measurements
whose paths are represented by the purple dashed lines in Fig. 2.

To correct for these differing reference planes between MS2-J1 or MS2-J2 and
MTS-J2, scattering transfer parameters (T-parameters) are used to numerically de-
embed the additional paths [20]. For a 2-port network, there is a simple relationship
between the S-parameters measured and the T-parameters used, therefore by explicitly
measuring the 2-port red paths shown in Fig. 2, we can determine its T-matrix and
move the reference plane accordingly. However, the issue now is that through the
switch we still have the purple path which is normally in place. Since we have moved
everything to the reference plane defined by MTS-J2, it is easiest to just add this extra
path to the amplifier data using the following [20]:

S12821 rece

Tout = Spp + ————
out 2+ 1 - Sllrrec

©))

where I'oy¢ 1S the corrected LNA reflection coefficient. This forms all the corrections
applied to the S-parameters in our system.
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4.2 Temperature calculations

Another key data required by our pipeline is physical temperature. We have normally
measured these with a thermocouple at different times during observation and assumed
these to be spectrally flat. However, in reality that is not accurate given that multi-
ple sources are comprised of a cable and a source at differing temperatures. This is
obviously true for the heated load since the thermal resistor is heated to 370 K whilst
the cable attaching it to the system is closer to the internal room temperature (with a
temperature slope). Figure 14 illustrates this model which is also applicable to all our
long cable sources [15]. For the latter, we have a short cable (2 m) and a long cable
(10 m) attached to switches MS3 and MS4, respectively. Four termination resistors
are then attached to each switch as shown in Fig. 2 resulting in different impedances
with frequency variation at the end of the cable. In the case of the cable calibrators,
the termination resistor temperature is heated by the switch (MS3 or MS4) resulting
in approximately a 3-degree difference between the cable itself and the load.

Therefore to correct this behaviour, we must first calculate the realised gain of each
source path and apply this to determine the correct source temperature. The realised
gain describes the actual gain that a device or system is able to achieve in practice and
takes into account factors such as loss and mismatch, given by

B 1S212(1 — TR [%)
|1 - SIIFR|2(1 - |Fsource|2)’

(10)

where S11 and Sy are the forward S-parameters of the cable. The reflection coefficient
is measured both at the resistive load (I'r) and at the end of the cable (I'soyrce). The
latter is the main S-parameter data discussed in Section 2. Using this available gain,

Physical Termination
Temperature (7)

RF
Termination Port 1 2-port network Port 2 Output

(Resistor) T Noise
RF cable =)
I. Temperature
Cable Temperature (7_,) -

Reflection (I';) Reflection (I
Internal box Temperature

somce

Fig. 14 Illustration of the heated load construction for use as a calibration source. The thermally enclosed
resistor and powered heater are connected to the input switch via a 4-inch cable as shown in the diagram.
These components effectively form a temperature gradient across the calibration device which must be
corrected for via the procedure discussed in Section 4.2 as TR, Tcab and Tsource are not necessarily equal
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we can then determine the effective temperature of each source as
Tsource = GTRes + (1 — G) T, (11)

where TR is the temperature of the resistive load itself and Ty, is the temperature
of the cable. Both of these quantities are measured by the thermocouple in normal
observations. In our analyses, we found that our calibration was particularly sensitive
to this correction at the sub-kelvin scale.

4.3 Antenna temperature corrections

As described in Section 2, in our calibration pipelines (frequency-by-frequency or
Bayesian) we use up to 12 sources to determine the noise waves which are then
applied to compute the calibrated temperature of an antenna, whose data has not been
used in the calibration process. In the laboratory, this antenna is formed from a 1 m
cable and a load attached to it which effectively simulates some frequency variation
in impedance that we would normally experience in the field by the real antenna.

By the same principle described in Section 4.2, we are estimating the temperature
of this “antenna” at the reference plane (MTS-J2), meaning we have a load at the
external ambient temperature and a cable (some of which is inside the receiver box)
at another temperature. In the laboratory, the overall cable can be described to have
a temperature that is approximately 3 degrees higher than the load temperature. As
such we expect the antenna data to exhibit features on the scale of the cable length as
with the cable-based calibration sources. To approximately correct this and estimate
the antenna temperature at the load end, we must compute the available gain shown
in (10) which relies on the antenna cable and reflection coefficient measured both at
the load end and at the cable end. Using this, we can then rearrange (10) to get the
following temperature

1
Thinal = E(Tant + (G - 1)Tcab)~ (12)

If calibration and data correction is performed in the right way, we would expect
this temperature (7fpa1) not to exhibit spectral features. To get a rough handle on 7¢yp
for this system, we can use the following approximation

1
Tcab = _(TintLint + TCX[LCXt)a (13)
LtOt

where Ti and Tex¢ represent the internal and external cable temperatures, whilst Lin
and L.y represent the internal and external cable length, respectively. Here L is the
total cable length. In our case, Lex¢ is 100 cm and Ly is 28 cm.

In the final field deployment, these corrections are made even more complex due
to the response of the balun. Assuming the radiation efficiency of the antenna is 1
(i.e. Tant = Tiky), then there will be two RF networks in between the antenna and our
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well-defined reference plane, namely the balun and the antenna feeding cable. Both
of these will be cooler than the hot sky (at the REACH frequencies) and will have the
potential to impose frequency structure on the calibrated antenna temperature unless
corrections are made.

5 Calibration data analysis

To assess the performance of the final deployable system, a mock antenna constructed
from a 1 m cable attached to an 89 €2 load at the receiver input was calibrated. With the
TEC set to stabilise the internal receiver temperature at 30 °C, fifteen separate training
datasets were collected with 20-minute integrations for spectral measurements and the
data was masked to the 50—130 MHz band. Following this, the below procedure was
applied to the data;

1. Corrections described in Section 4.1 were applied to all the S-parameter data to
correct the reference plane.

2. Temperature models detailed in Section 4.2 were applied to the 2 m and 10 m cable
sources as well as the heated load, whilst other sources were assumed to have a flat
temperature. The physical temperatures used to form these models were obtained
from the TC-08 thermocouple averaged over the data collection period.

. The X-terms were computed using the S-parameter and spectral data.

4. Asan optional step, these X-terms were smoothed, using a smoothing spline factor
of 0.999999999 (a factor of 1 being no smoothing). Whilst this step is not critical,
it does reduce noise on the measurement data whilst leaving any spectral features
that exist in that data.

5. A least squares approach was taken to solve (8) separately for each of the fif-
teen datasets using a Moore-Penrose pseudoinverse to determine the noise wave
parameters on a frequency-by-frequency basis.

6. Artefacts in four bands across the REACH dipole passband and were excised
(replaced with NaN’s) from the noise wave parameter calculated in the previous
step. This corresponded to a total of 6.2 MHz of data. The artefacts are caused by
the X-terms used in the calibration equation going to zero and resulting in a poor
fit when compared across all calibrators.

7. The fifteen noise wave parameter sets were then averaged

8. These noise wave parameters are then used along with the X-terms to compute the
final calibrated temperatures of sources.

9. For the antenna temperature, the correction discussed in Section 4.3 can be applied
to improve the final result.

(O8]

Example plots of S-parameters and PSD quotients which make up the bulk of the
data input to the pipeline are shown in Figs. 15 and 16 respectively. This data is used
to compute the constants in (8). Using this data along with the measured temperatures
of the sources, we can compute the noise wave parameters using a least squares fit,
relying only on 10 of the 12 calibrators (2 m + 10 € and 2 m + 250 @ excluded).
We have excluded the data from these two devices due to inconsistencies found with
the other calibration sources. We acknowledge that this may raise concerns about the
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S11 for various receiver components
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Fig.15 Sj1’s for the various receiver components including the LNA and simulated antenna from a single
data file of the fifteen files collected. The entire extent of the plot lies within the REACH observational band

non-objectivity of selecting measurements, but emphasise the goal of obtaining the
most accurate and reliable calibration solution possible and recognise that this may
warrant further investigation in future work. We remain confident that our decision to
exclude these data points were justified based on our scientific goals and the quality
of the data. Figure 17 shows the raw noise wave parameters using only a 20-minute
integrated dataset.

A set of noise wave parameters was calculated for each of the fifteen datasets
using the method outlined above which was applied to the calibration sources within
each respective dataset to produce fifteen calibrated temperature solutions for each
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Fig. 16 PSD quotient for the calibration sources and simulated antenna from a single data file of the fifteen
files collected. The entire extent of the plot lies within the REACH observational band
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Noise wave parameters
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Fig. 17 Noise wave parameters derived from one of the fifteen datasets using a frequency-by-frequency
least squares fit. Anomalous bands have been excised. The entire extent of the plot lies within the REACH
observational band. We recover the expected value for 71, as the noise temperature of the internal load
(~ 300 K) and Tis as the excess noise temperature of the internal noise source (~ 1100 K)

calibrator. The fifteen solutions for each calibrator were then averaged produce a final
calibrated temperature for each source as shown in Fig. 18.

The same process was used to determine the final “antenna” temperature but an
extra step was taken to correct for the antenna cable as described in Section 4.3.
Figure 19 shows the calibrated antenna temperature computed for each dataset as well
as an average of the fifteen solutions shown in black where an RMSE of 80 mK was
obtained. It should be noted that over the period in which all the data was collected
(approximately two weeks), the laboratory environmental temperature was observed
to vary by up to 3.5 degrees over night and day.

It has been noted that the results of Fig. 19 exhibit non-Gaussian structure on
the frequency scale of about 5 MHz. These features likely arise due to interactions
between the antenna and receiver as well as impedance mismatch contributions from
the calibration loads and other environmental factors which will be the focus of future
investigations. Additionally, it has been pointed out that the level of noise for our mock
antenna is comparable to that of de Lera Acedo et al. [5] (Fig. 11b) which may present
difficulties in challenging the EDGES results upon application of our methods to a
finalised antenna. We however advise that the simulated value of 300 K corresponds to
the impedance-matched condition of our custom antenna mimicking the performance
of real-world antennas operating under sky-noise conditions. Furthermore, in practice,
it is expected that averaging across more datasets will reduce the RMSE in the final
calibrated temperature and this is encouraging for the REACH system being deployed.
Methods are currently being investigated for how to update the calibration noise wave
parameters from day to day and get accurate results over certain observation periods.
We also acknowledge the fine frequency structure present in Figs. 18 and 19 which
may be attributed to a number of aspects including noise or reflections generated at the
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Fig. 18 Calibrated temperatures of the various calibration sources using the noise wave parameter values
averaged over the fifteen datasets taken. Anomalous data has been excised. The extent of each subplot lies
within the REACH observational band
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Fig. 19 Calibration solutions from each of the fifteen datasets applied to the simulated antenna are shown in
various colours. An averaged solution from the fifteen datasets applied to the simulated antenna is shown in
black and has an RMSE of 80 mK. The Gaussian structure of the noise converging on an approximately-flat
averaged temperature over frequency is seen as encouraging. Anomalous data has been excised and the
extent of the plot is within the REACH observational band

fibre-optic conversion points. During the design and testing of the radio receiver, mea-
surements were conducted to ensure a minimal impact from the fibre-optic conversion
on the signal chain, however further analysis may be required to fully understand these
effects in the deployment environment. These will form the basis of a follow-up paper
which will aim to improve upon the approach taken here.

6 Conclusion and further work

In this work, we have discussed the receiver design approaches for the REACH experi-
ment targeting the cosmic 21-cm signature from the Cosmic Dawn. In order to achieve
a sufficient level of calibration with a focus on an in-field calibration using minimal
laboratory-based calibration data, multiple practical techniques have been incorpo-
rated into the radiometer architecture including a front-end housing up to twelve
calibration sources connected to low-loss mechanical switches for strategic sampling
of the frequency dependent noise waves. Additionally, three custom made amplifiers
were constructed to achieve key benchmarks such as an LNA input Sy lower than 30
dB to reduce the impact of noise waves on cosmological data. Furthermore, a custom
microcontroller unit for the radiometer power management was carefully designed
for functionality while maintaining a small form factor by stacking the controller and
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breakout boards. Additional custom parts were incorporated into the assembly for
maximal functionality, such as the thermal stack for heat management which realises
an 8 kelvin temperature gradient across the 450 x 470 mm baseplate as well as 3D
printed parts for housing and RFI mitigation.

In order to facilitate a successful detection of the cosmic signature a calibration
methodology incorporating the Dicke switching technique was used for measurements
of the PSDs which, along with reflection coefficient and temperature measurements,
allow us to derive noise wave parameters that characterise the frequency response of
our instrument. Included in the methodology are corrections to the data such as the
de-bedding of extra signal paths between the MS2 and MTS switches. Along with
this were temperature measurement corrections to incorporate the spectral variation
in temperature due to the 3 degree difference between the components of various
calibration sources and the model antenna used in our analysis.

These techniques have been applied to a calibration run incorporating ten calibration
standards calibrated against a model antenna with S1; similar to that of the deployed
REACH antenna. Fifteen 20-minute integration runs were performed to compute the
noise wave parameters after application of a smoothing spline and excision of trouble-
some data within the full bandwidth, which was then cut to 50-130 MHz and solved
through a least squares approach. The resulting fifteen noise wave parameter sets were
then averaged to obtain the final calibration solution. This calibration solution achieves
an average RMSE of 59 mK when applied to the various calibration sources and an 80
mK RMSE for the model antenna. We also report a 30 mK RMSE for our calibration
solution applied to the sources attached to 10 metre cables. This calibration level is
comparable to that of the EDGES installation [15].

Challenges observed during our experiments were the difficulties maintaining envi-
ronmental stability over time as the many sources incorporated in our calibration
technique increased the time for data collection. With the laboratory environment
temperature varying by up to 3.5 K, we expect these effects to be amplified when
deployed to South Africa. We also note room for possible improvement to our system
in future experiments such as the use of fewer switches to combat the complicated
modelling of the cables included in the system or the development of a better LNA
to lower the impact of noise waves while maintaining good input matching. A bet-
ter VNA calibration may be achieved through incorporation of better SOL standards
which would directly improve the overall calibration of the system. Longer datasets for
further noise wave parameter averaging may be incorporated for better performance
as well. Introducing an additional simulated antenna with higher noise such as through
a heated resistor or electronic noise source may also offer valuable insights into the
receiver’s performance under more extreme conditions.

Future work regarding these techniques would be to evaluate the effect of the
REACH antenna deployed in South Africa which includes additional cables and a
balun not included in our models. Bayesian RFI mitigation techniques could also
potentially be incorporated into the REACH pipeline to manage any remaining instru-
mental sources of RFI [21]. We also propose exploration of further machine learning
techniques to improve the derivation of the calibration parameters and overall charac-
terisation of the system which will be addressed in future works.
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