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Observational Results of a High-Input-Impedance
Receiver System for Global Spectrum Detection
of the Cosmic Dawn
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Abstract — The global average spectrum of the cos-
mic 21 cm signal provides an excellent probe of the early
evolution history of the universe during the cosmic dawn
and dark ages. The Tianlai Wideband 21 c¢cm Global
Spectrum Experiment has been conducted at the
Hongliuxia Station in China. This experiment uses a
high-input-impedance operational amplifier as a first-
stage amplifier, solving the broadband matching prob-
lem between the antenna and receiver. This enables
wideband spectrum measurements over multiple octaves
with a very flat frequency response. We report the latest pro-
gress on the instrument, the deployment, the laboratory
experiment, and observational results.

1. Introduction

The history of the early epochs of the universe,
including the dark ages and cosmic dawn can be recon-
structed by measuring the 21 cm signal produced by neutral
hydrogen, which has been redshifted to low frequencies.
Although the 3D distribution could only be mapped by
very large radio telescope arrays, such as the Square Kilo-
meter Array [1], the sky average (global) spectrum can be
measured by a single set of a high-precision experiment
device with a broadband antenna. This method does not
require high angular resolution, being achievable with one
or two antennas, and it significantly reduces the data vol-
ume. A number of experiments are currently underway
(e.g., the EDGES [2], SARAS [3], REACH [4], PRIZM
[5], and SCI-HI [6], and [7]). However, these experiments
are extremely challenging, because the 21 cm signal is at
least four orders of magnitude weaker than the foreground
of the Milky Way and can only be distinguished from the
foreground by the variation over frequency, which is not as
smooth as the foreground. Even a small systematic effect
can induce errors larger than the signal.
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However, the 21 cm signal is largely unknown, and
it is necessary to measure the global spectrum over a wide
frequency range. In most radio astronomy systems, the
antenna is designed to match a characteristic impedance of
50 Q used in cable and RF electronics to ensure maximum
power transmission and minimum power reflection. How-
ever, because of the physical property of the antenna, this
matching is difficult to achieve over a wideband.

We consider the design of a wideband global
21 cm spectrum measuring system by using a high-
input-impedance operational amplifier as the first-stage
amplifier of the receiver. Theoretically, the gain of the
system is only determined by the ratio of the two feed-
back resistors, so the system gain is very flat. Thus, it
could achieve ultrabroadband reception of sky signal
and easier extraction of the spectral feature of the 21 cm
signal. We have tested this design in Hongliuxia, the
site of the Tianlai experiment [8, 9], so we call this the
Tianlai Wideband 21 cm Global Spectrum Experiment.
Here, we present the design of the system and the recent
progress in our experimental tests.

2. Instrument

The instrument of the Tianlai Wideband 21 cm
Global Spectrum Experiment consists of an antenna, an
analog front-end receiver, including internal calibration
sources, and a digital back-end receiver, as shown in the
block diagram Figure 1.

The low-frequency signal from the sky received by
the monocone antenna passes through the amplification
chain of the analog receiver, and this is transmitted through
a 100 m coaxial cable to the back-end digital receiver. This
long cable is used to avoid interference from the digital
receiver entering the antenna. With a replaceable RF filter
and adjustable attenuator, the bandwidth of the instrument
is currently over 30 MHz to 200 MHz. The overall noise
temperature of the receiver is ~700 K.

2.1 Antenna

An electrically short conical monopole antenna is
used to receive the sky signal. The electrically short
monocone antenna has the characteristic of frequency-
independent beams and smooth frequency response. If
the beam pattern of the antenna varies with frequency,
the anisotropy in the sky radiation intensity could
induce features in the global spectrum. The achromatic
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Figure 1. Block diagram of the Hongliuxia wideband 21 cm global

spectrum instrument.

antenna design avoids this mode mixing problem and
facilitates the removal of galactic foregrounds in data
processing. An aluminum disk under the cone serves as
a grounding plate of the antenna. To reduce grounding
resistance and optimize the antenna pattern, many radi-
ally extended conductive grounding wires attach to the
edge of the aluminum disk. An illustration of the mono-
cone antenna is shown in Figure 2.

A custom-made vector network analyzer (VNA)
is embedded in the system to provide real-time mea-
surements of the antenna S parameters. A sample mea-
surement result is shown in Figure 3: the top panel
displays the magnitude of the antenna S11 parameter
that is visually smooth within the observation band-
width, and the bottom panel shows its phase.

2.2 Analog Front-End Receiver

The analog front-end receiver mainly consists of the
RF amplification chain, a calibration system, and a tempera-
ture control system. The RF amplification chain includes
the first-stage high-input-impedance operational amplifier,
as well as subsequent amplifiers, filters, and attenuators.
The signal from the antenna enters the analog front-end
receiver through a 9.4 cm short RF cable that minimizes
the attenuation and standing wave generation within
the cable. An RF switch matrix periodically switches
between the antenna and various calibration resistors
and allows signals from different sources to enter the

Figure 2.
wires.

Monocone antenna with 50 m to 70 m radial grounding
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Figure 3. S11 parameter of the monocone antenna. Top panel shows
the magnitude, and the bottom panel is the phase.

same amplification chain. By comparing output spec-
tra of different sources, the unknown parameters
contained in the calibration formula are calculated in
real time.

In the first-stage of the receiver, we use a nonin-
verting input operational amplifier to enhance the input
impedance. With high-input impedance, the voltage sig-
nal is amplified. For the operational amplifier, in our
current instrument, a Texas Instruments OPA855 is
used, which has a gain-bandwidth product reaching
8 GHz, with an excellent frequency response. Also,
within the experimental frequency band, there is a rela-
tively good common mode rejection ratio, ~60 dB. In
terms of power supply, the power supply rejection ratio
is ~40 dB at 100 MHz. A picture of the operational
amplifier is shown in Figure 4.

The system noise mainly comes from the first-
stage amplifier, we model the voltage power of the
amplifier as follows [10-15]:

E2 = g[4RaKT | SO |2 + | Vamb |2 |S0 |2 +Iﬁoise | ZP ‘2

+77?

1
noise T (ClRp + CZXP)] o

where g denotes the system gain, the first term within
the brackets represents the input signal from the antenna
or various calibration resistors, expressed as Johnson
thermal noise. When receiving signals from the antenna,
T denotes the antenna temperature; when the receiver is
connected to a calibration resistor, 7 represents the

Figure 4. High-input-impedance operational amplifier.
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Figure 5. The calibrated temperature of the 30 Q resistor.

resistor’s physical temperature, and R, is the resistance
of the antenna or calibration resistor. By modeling the
RF transmission line between the antenna and receiver
as a two-port network, with the antenna serving as the
source and the receiver as the load, we derive the propa-
gation factor Sy. This factor characterizes the ratio
between the power received by the receiver and the
power provided by the antenna. Sy explicitly accounts
for multiple reflections and attenuation arising from the
impedance mismatch between the antenna and receiver.
Consequently, this coefficient is dependent on the
reflection coefficients of both the antenna and receiver,
as well as the S parameters of the RF cable. The second
term Py, fully accounts for the effective thermal noise
introduced by cable losses from the RF cable between
the antenna and receiver. Vyyp is proportional to both
the characteristic impedance of the cable and its physi-
cal temperature. Because this noise is to be converted to
the antenna terminal, it must also be multiplied by the
propagation factor.

The third term in (1) is the current noise generated
by the operational amplifier, where /i is the noise cur-
rent and Z, is the parallel impedance of the source imped-
ance and the receiver impedance. The fourth term is the
voltage noise. The fifth term is the correlation between
voltage noise and current noise, with R, and X}, as the real
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Figure 6. The raw sky observation data for about one week.
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Figure 7. The processed sky spectrum.

and imaginary parts of the parallel impedance Z,, and C|
and C, are the coefficients. The five unknown parameters,
the gain g, noise current /s, Noise voltage Vygise, and
the two correlation parameters C; and C, are determined
in real time through the five calibration source resistors.
An RF switch enables switching between different cal-
ibration resistors. Each resistance measurement gives
a measurement equation. By solving these equations
at each frequency, the real-time parameters are obtained.
The equations derived from measuring the five resistors
can be used to calibrate five system parameters in (1).
In the lab experiment, a 30 resistor was used to replace
the antenna for calibration verification. The calibrated
temperature is shown in Figure 5. The standard devia-
tion in the frequency range of 50 MHz to 100 MHz is
less than 0.04 K, meeting the accuracy requirements
for the measurement of the 21 cm signal from the cosmic
dawn era.

Through the VNA measurement in the labora-
tory, we find the reflection coefficient of the operational
amplifier is approximately —0.1 dB, which is close to
the open state, and the gain is ~16 dB. After calibration,
the voltage noise of the operational amplifier is ~2 nV,
and the current noise is ~4 pA.

The system gain is mainly affected by tempera-
ture, and maintaining a relatively stable gain, at least
over the timescale of the calibration cycle, is necessary.
A temperature control system is installed surrounding
the amplification chain, which uses a thermoelectric
cooler (TEC) for temperature regulation. The TEC is
installed at the bottom of the thermostatic box; heat
conduction is achieved through a copper plate to ensure
a uniform temperature within the box. At the other end
of the TEC is an aluminum case for the analog receiver
box to ensure heat dissipation. The temperature control
required to maintain the analog receiver temperature is
within 0.1 K in a 5-min calibration cycle, making the
ambient temperature variation negligible.

2.3 Digital Back-End Receiver

The digital backend consists a digital spectrome-
ter, a microcomputer, and the VNA. The digital spec-
trometer has a spectral resolution of 30.51 kHz, and the



ADC used is a Texas Instruments ADS5407, with a
sampling rate of 500 Msps and 12 bit resolution. The
microcomputer modeled as UP-BOARD UP2 performs
the RF switch matrix control, data processing, and data
storage. The RF switches are controlled by the micro-
computer through the general purpose input—output
ports. With the RF switch, the VNA at the backend per-
forms real-time reflection coefficient measurements of
the antenna, source resistors, the and receiver. The
VNA used is a SYSJOINT Port VNA 1P-C, tailor-made
and optimized for high precision at the 20 MHz to
250 MHz frequency range, with a power adjustment
range exceeding 45 dB. The VNA itself is calibrated by
using open-short-load standards [16, 17] to obtain accu-
rate reflection coefficients. A bandpass filter is applied
to extract the signal between 30 MHz and 200 MHz.

3. Observation

The measuring device was placed at a site a few
kilometers away from the Tianlai 21 cm intensity mapping
experiment in Hongliuxia, Balingkun County, Xinjiang
Uygur Autonomous Region [8, 9], which has an excellent
electromagnetic environment. The analog front-end receiver
and the antenna were placed in a relatively flat and open
area. In the field experiment, 24 radial grounding wires,
each varying in length from 50 m to 70 m, were radially
arranged and fixed to the edge of the circular disk reflector
beneath the monocone antenna. The digital back-end box,
together with the solar panel and battery pack were placed
100 m away from the antenna or front-end and separated
by a small hillock. This configuration mitigates back-end
digital interference but introduces standing waves with
~1 MHz frequency spacing due to the long coaxial cable.
These standing waves can only be partially eliminated
through calibration. The next-generation receiver will house
the analog and digital receivers in separate compartments
of a well-shielded electromagnetic compatibility enclosure,
making the connection very short and eliminating long
cable standing waves.

The raw sky observation data for approximately
one week are shown in the waterfall plot Figure 6. The
color represents the relative intensity of the signal in
logarithmic scale.

There is obvious periodic broadband interfer-
ence near the low end of the frequency band, which
probably is caused by the diurnal change of the iono-
sphere. Also, there is much RF interference near
100 MHz, apparently coming from FM broadcasts
and satellite communications.

After preliminary processing, the sky spectrum is
shown in Figure 7, and the galactic foreground consti-
tutes the main component. Due to the ground loss of the
antenna, the measured sky temperature is lower than the
actual sky temperature, especially at low frequencies.
This will be corrected in the future by accounting for
this loss. The 21 cm signal extraction is still a work in
progress.
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4. Conclusion

This article introduces the instrument and obser-
vational results of the Tianlai Wideband 21 cm Global
Spectrum Experiment. The receiver uses a high-input-
impedance operational amplifier as the first-stage ampli-
fier, which has a wide bandwidth over several octaves,
allowing it to simultaneously obtain 21 cm information
covered at the cosmic dawn and reionization with a sin-
gle set of equipment. The system appears to work well
and is currently under test at the Hongliuxia site. In the
future, we hope to conduct this experiment at a site with
an even better electromagnetic environment to obtain
higher quality data (e.g., deploy such a system in lunar
orbit). Through more sophisticated data processing and
long-term observations, we expect to further improve
the measurement accuracy.
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