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Radio detection of ultra-high energy neutrinos via the Askaryan effect has enabled a new generation
of immense, cost-effective neutrino detectors due to the long attenuation lengths of radio signals
in dense dielectric media. The Radio Neutrino Observatory in Greenland (RNO-G) is one such
detector with a unique view of the northern hemisphere; it is being built at the top of Greenland’s
ice cap to take advantage of the low noise environment and large detection volume available in
the pure ice. It currently has 7 fully operational independent autonomous stations spaced roughly
1 km apart and once completed will comprise 35 stations. Each station contains both a shallow
component with broadband, high-gain antennas and an in-ice component with three strings of
broadband, omnidirectional horizontally and vertically polarized antennas. Both polarization
modes are needed to reconstruct the arrival direction of detected neutrinos. Here we discuss the
design, simulation, validation, production, deployment, and performance of RNO-G’s horizontally

polarized antennas.
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1. Introduction

While ultra-high energy cosmic rays (UHECRs) have been observed for decades, their sources
have not been unambiguously determined. As charged particles, their paths en route to Earth are
misdirected due to the magnetic fields between their source and the Earth. UHECRSs are expected to
create UHE neutrinos (E > 10 PeV) by interacting in their source environment and on their journey
to Earth via their interaction with the cosmic microwave background. Since neutrinos are neutral,
nearly massless subatomic particles that primarily interact through the weak force, their paths are
not deflected. This means they point back to their source. However, due to their low interaction
cross sections, immense detector volumes are needed to reach the sensitivities necessary given their
expected fluxes at UHEs.

The complications of needing massive detector volumes can be alleviated by using Askaryan
radio emission from UHE neutrino interactions in dense dielectric media. Radio waves have
long attenuation lengths, so enormous detectors can be built with sparsely populated independent
stations. This makes radio detectors especially suitable for near-future UHE neutrino discovery [1].
One such detector is the Radio Neutrino Observatory in Greenland (RNO-G) which is being built
at the peak of Greenland’s ice cap. It will have 35 independent stations spaced roughly 1 km apart
to maximize the effective volume of the detector, for a radio attenuation length which has been
measured to exceed 700 m [2] at the site.

RNO-G intercepts the incident radio emission with antennas of three primary types: log-
periodic dipole antennas (LPDAs) for the shallow component, vertically polarized (Vpol) antennas
for the trigger and reconstruction, and horizontally polarized (Hpol) antennas primarily for direction
reconstruction. The Hpol and Vpol antennas are deployed in three 100 m deep, 28.5 cm diameter
boreholes per station. The linear polarization of Askaryan radiation allows us to pinpoint where
on the Cherenkov emission cone a detection occurred so long as we are able to measure both
the vertical and horizontal polarization of the signal [3]. This location information is crucial for
fully reconstructing the signal and neutrino arrival direction, but developing an antenna for the
horizontal polarization is challenging due to the physical constraint of the borehole diameter. In
this contribution, we will present the design process used to remedy some of these difficulties for
RNO-G’s Hpol antennas, their performance, and their production and deployment.

2. Hpol Antenna Performance Goals

The Askaryan signal expected from UHE neutrinos is highly impulsive in the time-domain,
leading to a broadband radio signal in the Fourier domain. The passband of RNO-G’s signal chain
is 130 - 700 MHz to capture this broadband signal [2]. Since Askaryan emission is the result of
coherent Cherenkov emission (coherence condition met when A >> shower width) [4], it is strongest
at the Cherenkov angle. In ice, that angle is roughly 56°. Off-cone, however, coherence is lost.
This accelerates at higher frequencies as the wavelength decreases relative to the shower width [5].
Additionally, the effective length of the antennas naturally falls with increasing frequency [6]. The
lower frequencies of RNO-G’s passband are thus of higher priority when designing the antenna.
Designing an antenna that is sensitive to the lower end of this frequency range is very difficult in the
horizontal polarization as the borehole has a diameter of 28.5 cm, yet antennas typically resonate
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Figure 1: Left: Hpol antenna with the tube hidden to reveal the inner structure. Right: Full Hpol antenna.
In addition to the antenna itself, nylon end caps and deployment rope can be seen in the figures as well as the
low-noise amplifier (LNA) between the top two end caps.

when their physical dimensions are on the order of the wavelength of the impinging signal, and the
wavelength corresponding to 130 MHz in air is 2.3 m.

While the lower frequencies are prioritized, it is important to be able to detect signals in as much
of the frequency range of interest as possible. However, developing a geometry-constrained antenna
in this broad of a range is difficult, as it must be impedance matched to its 50 € receiver to reduce
signal reflection and maximize the signal-to-noise ratio. Since the antennas have both inductive
and capacitive reactance, which are both a function of frequency, the broader the frequency range
the harder it is to match, especially by tuning geometric parameters alone. As a result, a matching
circuit is necessary.

As the neutrino flux at the location of the antenna is expected to have azimuthal symmetry, the
antenna should have a corresponding gain pattern.

3. Antenna Parameters and Design

Our Hpol antenna design (see Fig. 1) attempts to mitigate the challenge of resonating at low
frequencies in a borehole constricted space by taking advantage of Booker’s antenna modification
of Babinet’s principle [7] which states that a slot in a flat conducting plane (known as a slot antenna)
will have a radiation pattern that mimics a dipole of the same dimensions but with its E-field and
B-field interchanged. This results in a vertical slot having a horizontal E-field polarization, and the
primary difference aside from the field swap is that the impedance is modified by a constant factor.
Similar to a dipole, resonance can occur when the slot is on the order of 1/2. Given our 130 - 700
MHz passband and shipping and deployment constraints on the length, 60 cm was chosen for the
slot length.

A simple slot antenna on a flat sheet suffers from a null in the azimuthal direction aligned with
the plane of the sheet, which does not meet our azimuthal symmetry requirement. To alleviate this
asymmetry, the sheet is essentially wrapped into a cylinder (see vertical openings in Fig. 1). In
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practice, this is done by milling a cylindrical aluminum tube. This allows the antenna to interact
with the B-field via the changing magnetic flux through the cylinder, which can be thought of
as many stacked loops. This eliminates the null in the azimuthal direction, and if the cylinder’s
diameter is small compared to the wavelength, this provides good azimuthal symmetry. However,
the diameter is also tied to the bandwidth.

The bandwidth of a dipole antenna can be increased by widening the dipole. The same is
accomplished in our case by increasing the diameter of the cylinder. This comes with a trade-off
in azimuthal symmetry [8]. To obtain both azimuthal symmetry and high bandwidth, we make
up for the larger diameter by adding additional slots to the cylinder. Four slots and an eight inch
(20.32 cm) diameter proved to be an effective compromise between antenna performance, ease
of production, cost, weight, and borehole constraints. To ensure the increased range of signals
received by the widened antenna are minimally reflected (caused by impedance mismatch across
the band), we developed a matching circuit using a tuned combination of surface-mount capacitors
and inductors on the centerfeed arms between each antenna slot terminals and the receiving feed
(see green, central object in Fig. 1).

The gain of the Hpol antennas is primarily dictated by the diameter of the cylinder, which
has already been set to eight inches as described above to enable deployment with minimal issues.
While the gain is primarily controlled by the antenna geometry, it does not give the full picture
for one’s ability to extract a signal from an antenna. The Hpol signal is read out using a 50 Q
impedance port that feeds into the rest of the signal chain. Any mismatch in impedance between
the antenna and the feed (and then throughout the rest of the signal chain) results in a portion of
the incident signal being reflected, which leads to standing waves within the transmission line and
reduced signal strength as a result. The extent of this mismatch is commonly characterized by a
quantity called the Sy, which in dB is given by:

nc

P
Si1 = 10log;, (Pfef) (1)

The gain of an antenna is then reduced accordingly, and the result called the realized gain:
Grealized = Gabsolute (1 - |Sll |2) (2)

where the magnitude of the Sy is in linear units. This can also be calculated from a similar quantity
called the voltage standing wave ratio, or VSWR, which represents the ratio between the incident
and the standing wave voltage amplitude resulting from reflections and is reported in linear units

and calculated from the S| as:
1+[S1]
VSWR = ——— 3)
1—|Sul
Measurements and simulation of these parameters for RNO-G’s Hpol antennas are presented in the

following section.

4. Measurements and Simulation

VSWR measurements of every Hpol antenna used in RNO-G’s first (2021) and second (2022)
deployment season were taken and compared against XFdtd (Remcom’s 3D electromagnetic simu-
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In-air Voltage Standing Wave Ratio (VSWR) of
RNO-G Hpol Antennas: Measured vs. Simulated
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Figure 2: VSWR measurements of all Hpol antennas shipped for RNO-G’s first deployment season and
XFdtd simulation for comparison.

lation software that uses the finite-difference time-domain method) simulation to validate the latter
and give an estimate of the systematics (see Fig. 2). Due to practical difficulties in replicating the
in-ice environment, each measurement, and therefore the simulation for comparison, was done in
air. The maximum root mean square error (RMSE) between the simulation and all measured anten-
nas is 13.8% within the antenna’s bandwidth. We define the Hpol antenna bandwidth as the region
where the mean antenna measurement falls below 3.5 VSWR within the signal chain’s 130-700
MHz passband, which is 300-700 MHz. Additionally, there is a maximum 1o /mean variance of
only 10.0% between all of the Hpol antenna measurements.

A similar comparison of the azimuthal (boresight) gain was done for a single Hpol antenna
measured in an anechoic chamber vs. simulation between 450 and 750 MHz (see Fig. 3), limited by
the transmitter’s frequency range, normalized to O dB. All frequencies can be seen to be azimuthally
symmetric within £1.77 dB, on the same order of symmetry as the simulation. The discontinuity in
the measured values is due to the nature of the measurement setup requiring the full azimuthal sweep
to be done in two halves, obtaining the 180° - 360° portion of the pattern by returning the mount to
the original location and manually rotating the antenna by 180° before resuming the sweep. There
was no precise way to do this manual rotation at the time, so the small but non-zero displacement
from the original position as well as the potential offset from a perfect 180° rotation produces the
discontinuity. Forthcoming absolute measurements, rather than just relative as reported here, will
be performed all the way down to 300 MHz with a mount capable of precise rotation to improve
our knowledge of the systematics. These measurements will also include increments in zenith.

In addition to VSWR and gain systematics, there is additional uncertainty introduced by

potential offsets of the Hpol antennas in the borehole. While practical considerations currently
prevent us from doing this study in the field, an in-ice simulation was developed from the in-
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In-air Measured Realized Gain vs. Sim (Azimuthal plane, 6 =90"°)
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Figure 3: Realized gain measurements taken in an anechoic chamber in the azimuthal plane (boresight zenith
angle) of an Hpol antenna at four frequencies and simulation for comparison, all normalized to O dB.

air simulation with the addition of a block of ice with a borehole. As the Hpol antenna moves
closer/further from the ice, it couples more/less in that direction. Since we do not have a way of
measuring this offset for our deployed antennas, this contributes to our systematics. To limit the
offset while still allowing relative ease of deployment, end caps (see top nylon portion of Fig. 1),
primarily in place to house electronics such as the low-noise amplifier and power/signal cables and
allow the antennas to be tied in to the deployment string, were designed to extend beyond the outer
diameter of the antennas. The Hpol antenna end caps are 24 cm in diameter, so with the 28.5 cm
diameter borehole this limits the offset to just 2.25 cm in any direction.

Simulations were run at multiple offsets between 0 and 2.25 cm and the resulting response
variations can be see in Fig. 4 in the form of the effective length (l.g). The l.g of an antenna represents
its ability to convert incident EM radiation into a voltage signal and is calculated accordingly as:

Vo =E - 1y (4)

where V¢ represents the open-circuit voltage across the antenna’s terminals and E* the incident
electric field strength. The solid lines for each color represent the ¢ component (the one that matters
for Hpol antennas) of the I at a given zenith angle. 0° zenith corresponds to directly above the
Hpol antenna in the direction of the null, and 90° zenith corresponds to the boresight (maximum
gain) angle. The shaded regions for each color represent the maximum deviations from the perfectly
centered l.¢ - for reference, the boresight deviation is 10.6% RMSE. The Hpol antenna systematics
are summarized in Table 1.

Using an in-air version of the Hpol antenna simulation model shown in this contribution (its
frequency response shifted to account for the change in index of refraction as detailed in [3]), it has
been shown that the space angle resolution can reach the order of 10°. In a forthcoming study, the
space angle resolution will be re-evaluated with the in-ice simulation and systematics shown here
taken into account.
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Figure 4: Hpol antenna phi effective length from 130 - 700 MHz at various zenith (inclination) angles with
shaded regions representing the maximum deviation from the borehole center for all azimuths.

Systematics Summary
Type Measured Measured Sim to measured Sim
Quantity | Azimuthal Gain VSWR VSWR leff, boresight
Value +1.77 dB 10.0% -2 variance | 13.8% RMSE | 10.6% RMSE

Table 1: A basic summary of currently understood Hpol antenna systematics including the voltage standing
wave ratio, gain, and effective length. Each systematic is evaluated across the 300 - 700 MHz bandwidth of
the antenna shown either through measurement and/or simulation.

5. Production and Deployment

At the writing of this article, RNO-G has deployed 7 of 35 stations over two drilling seasons
with an additional 10 planned for the 2023 boreal summer season (see Fig. 5 left). Each antenna,
including the nylon support pieces, can be aseembled from the individual components within about
an hour. The weight of a fully assembled Hpol antenna is only 3.95 kg. Over 60 Hpol antennas have
been built so far (see Fig. 5 right) and nearly 30 already deployed without issues. An additional 75
Hpol antennas are on track to be produced by the end of summer 2023, enabled by a streamlined
production process amenable to mass production.

6. Conclusion

Creating Hpol antennas for deep, in-ice radio UHE neutrino detectors is challenging due to
borehole size constraints from drilling limitations. RNO-G’s Hpol antennas were designed to
circumvent this limitation by taking advantage of Babinet’s principle via slotted conductors which
interact more strongly with fields perpendicular to their longest dimension, and to employ loops
which interact with the vertical B-fields of the incident Hpol radio waves. This was realized as a 60
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Figure 5: Left: Deploying a string of antennas into one of the many boreholes of RNO-G. Right: 60 Hpol
antennas produced during RNO-G’s first production season.

cm long cylindrical quad-slot aluminum tube with an impedance matching circuit. The antennas
are robust, easy to mass produce, and have high simulation and antenna-to-antenna fidelity, lending
themselves well to their use in current and future in-ice radio neutrino detectors. A future study
will be done to evaluate the influence of Hpol antennas on direction reconstruction resolution with
the most up-to-date in-ice simulation and systematics shown in these proceedings (including gain
systematic updates mentioned in section 4).
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