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The Radar Echo Telescope (RET) aims to observe the cosmic neutrino flux at the highest energies
(> 10PeV) using radar. Radar allows for determining the position, speed and direction of any
radio-reflecting object. In-ice neutrino interactions leave a dense ionisation trail that can serve as
a short-lived macroscopic radar target. Therefore, radar is a potential cost-effective radio-based
approach for detecting neutrinos at high energies. Using our newly obtained insights into the radar
echo signal properties in both the time domain and frequency domain, we discuss reconstruction
methods and detector optimisation techniques for the future Radar Echo Telescope for Neutrinos
(RET-N).
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1. Introduction

An in-ice neutrino interaction creates a cascade of high-energy secondary charged particles
that induce a static trail of free ionised electrons. The ionisation electrons can re-scatter radio waves
from a transmitter antenna and therefore serve as potential radar targets. Such an ionisation trail
was detected using a radar system during the T-576 experiment at the SLAC National Accelerator
Laboratory by dumping an electron beam into a high-density polyethylene target [1, 2]. This was
the first positive observation of a radar echo coming from a high-energy particle cascade developing
in a dense medium and led to the foundation of the Radar Echo Telescope (RET) experiment. RET
aims to detect ultrahigh energy cosmic neutrinos (> 10 PeV) using radar and recently developed and
deployed a pathfinder experiment at Summit Station in Greenland, the Radar Echo Telescope for
Cosmic-Rays (RET-CR) [3, 4]. This pathfinder experiment is designed to demonstrate the feasibility
of the radar method in nature by targeting the in-ice continuation of cosmic-ray air showers that
impinge on a high-altitude ice sheet [5]. Data analysis of the 2024 RET-CR deployment is currently
ongoing. The final objective of the RET experiment is to design and build a high-energy radar
neutrino detector, the Radar Echo Telescope for Neutrinos (RET-N) [6].

The radar echo signal properties of simulated in-ice neutrino-induced particle cascades were
first presented in [7-9]. A complete investigation and description of these properties has been
finalised recently in [10, 11]. Having established a detailed understanding of these signal properties
allows for developing reconstruction methods for radar neutrino detection. Earlier reconstruction
studies used continuous wave (CW) radar systems combined with machine learning techniques
and interferometry to reconstruct the neutrino arrival direction [12—-14] and neutrino interaction
vertex [8, 12]. We adopt, for the first time, a frequency-modulated continuous-wave radar system to
perform vertex ranging and show that this radar-specific method can be applied to neutrino detection
for certain geometries.

2. Frequency-Modulated Continuous-Wave Radar

Frequency-modulated continuous-wave (FMCW) radar allows for determining the distance -
or range - to a target and its velocity by varying the transmit frequency [15, 16]; a transmitter with
carrier frequency f. is modulated over a chirp time 7, for a certain bandwidth B. These three
parameters define a frequency modulation, but do not dictate the modulation pattern. For fixed
values of (f., B, T;), the frequency can, e.g. monotonically increase (sawtooth), follow a triangular
shape or show a staircase pattern as illustrated in Figure 1a. The choice of modulation pattern is set
by the user’s measurement purposes and differs for each pattern [15, 16]. In this work, we solely
focus on the sawtooth modulation as it allows for long-distance ranging. Furthermore, it is a simple
pattern to investigate FMCW radar reconstruction methods for in-ice neutrino detection.

The reconstruction of the target range in FMCW radar is done by comparing the received (RX)
radar echo signal to a reference signal. This reference signal is the transmit (TX) signal that is
emitted when the radar echo is received. Both signals follow the same modulation pattern, but
their instantaneous frequency f(¢) will be different, as shown in Figure 1b. From this figure, we
can deduce that the received signal is delayed with respect to the reference signal. This delay
At corresponds to the total propagation time: the amount of time that passes when the radio
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Figure 1: (a) Three different frequency modulation patterns for the same modulation parameters f. =
100 MHz, B = 30 MHz, T, = 50 us. The dashed line corresponds to a sawtooth modulation, the dash-dotted
line to a triangular modulation and the solid line to a staircase modulation. (b) The received (RX) signal in
dark blue and the transmit (TX) reference signal in light blue for a sawtooth modulation. The delay time A¢
and beat frequency feq are indicated.

waves travel the distance from the transmitter to the radar target (Rr) and subsequently from
the target to the receiver (Rg). Hence, Ar contains the information about the target range as
R = Ry + Rr = c,At, with ¢, the speed of light in the considered medium. From Figure 1b, we
can see that At = fieat(Te/B), Where fieq is the beat frequency that corresponds to the constant
frequency difference between the two signals. Since 7, and B are the user-defined modulation
parameters, only fpeat has to be retrieved to reconstruct the target range.

The beat frequency can be determined from a commonly used signal processing technique

called heterodyning, in which the RX and TX signals are mixed [15]. From the geometric relation

cos (27 fit) cos (2 fot) = % [cos (27 (f1 = f2)1) +cos 2n(f1 + f2)1)] (1

we know that the mixed result - the intermediate signal (IF) - will consist of a low-frequency and
high-frequency component. The low-frequency part has a constant instantaneous frequency at the
desired fpear and can be obtained by applying a low-pass filter. Consequently, in the frequency
domain, the filtered IF signal is a clearly identifiable monotone with frequency fyea and extracting
this monotone allows for reconstructing the target range [15, 16]

Cn f beat ¢
—B .

From Equation (2), we can deduce that every fixed set of modulation parameters has a maximal

R = cpAt = 2)

range value - the furthest unambiguous distance that can be probed with the radar system [15, 16].
This maximal range Rp.x is found when fieoe = B, and thus, Ry = ¢,T.. Consequently, in
conventional in-air radar systems, the chirp time is taken as 7, > 1 us to yield Rpax > 1 km [15].
Furthermore, for these systems, the radar target is detectable for several orders of magnitude longer
than 7, and multiple chirp cycles are observed over the entire observation window. This does not
hold for in-ice neutrino detection. The ionisation trail - or radar target - has a short lifetime 7,



Reconstruction Methods and Detector Optimisation Techniques for the Radar Echo Telescope for Neutrinos
Jannes Loonen

of 1ns to 50ns [17] and is therefore expected to generate radar signals with a total duration of
O(10-100) ns [11], which is much shorter than the typical T, values. Consequently, only part of the
full modulation pattern is observed in the radar echoes from neutrinos. Therefore, in this work, we
investigate the applicability of FMCW radar reconstruction methods to in-ice neutrino detection.

3. FMCW Radar for Ultrahigh Energy Neutrino Detection

The radar echoes from neutrino-induced particle cascades can be simulated using two inde-
pendent software packages. RadioScatter [18] is a particle-level Monte-Carlo tool that treats the
radar scatter on a microscopic level, while MARES [17] solves the problem macroscopically by
adopting a semi-analytical approach. Both methods show good agreement with each other and with
the results from the T-576 experiment [2, 17].

In this work, we use MARES to perform ranging of the neutrino interaction vertex utilising
an FMCW radar system. The software package was upgraded to include an FMCW mode, and we
only consider a sawtooth modulation pattern. This pattern cannot determine the frequency Doppler
shifts caused by the target’s non-zero velocity [15, 16]. As described in [10, 11], large Doppler
shifts are observed in the radar signals due to the apparent relativistic motion of the ionisation
trail. Hence, we will only consider geometries with minimal Doppler shifts, such that a sawtooth
modulation can still be used. In Section 4 we outline potential solutions to this problem that will
be investigated in more detail in future work.
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y[m]
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Ry,
(-300;0)\ R

= TX
\\ x[m]
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Figure 2: The simulated detector geometry consisting of a single receiver (RX) and transmitter (TX). The
neutrino arrival direction is indicated by the orange arrow and the cascade maximum is fixed at the origin.

We adopt the detector geometry shown in Figure 2, consisting of a single receiver and transmitter
located 300 m away from the neutrino interaction vertex, corresponding to a true target range of
Riwe = 600 m. The setup is assumed to be located in deep ice (n = 1.78), and the neutrino arrival
direction is oriented along the +y-axis to ensure minimal Doppler shifts. The cascade energy is
fixed at 1 EeV and the free electron lifetime of the ionisation trail is set to 7. = 10ns. We use
MARES to simulate the radar echo signal from this particle cascade for a transmitter antenna with
the P1 modulation parameter values listed in Table 1. These modulation settings can be achieved
using standard hardware and result in an unambiguous maximal range Rya.x ~ 1 km for deep ice.
The simulated waveform is shown in Figure 3a together with the TX reference signal. Following
the ranging procedure outlined in Section 2, in Figure 3b-c, we show the IF signal in the time
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Table 1: The two FMCW modulation settings used in this work.

S | B | T
P1 | 200MHz | 100MHz | 6 s
P2 | 200MHz | 200MHz | 6 s

domain and frequency domain and find fpeor = 59.8 MHz with the corresponding reconstructed
range Rieco = 604.4 m. This example shows that a good reconstructed range can be found despite
only a small part of the total sawtooth modulation being captured in the RX signal.

To further generalise this result, we determine the ranging accuracy as a function of the target
distance and free electron lifetime. We simulate the radar echo and reconstruct the total target range
for Rg and Ry € [10,480] m by moving the RX and TX antennas along the x-axis in Figure 2. This
yields total range values R € [20, 960] m and we repeat these simulations for four different lifetime
T, € [1,5,10,20] ns.

In the top row of Figure 4, we show the ranging residuals

|Rreco - Rtrue|

Rtrue (3)

Residuals =
for the P1 modulation parameters and the four considered lifetimes for every Ry and Rg combination.
Itis noted that the total range R is constant for all points lying on a diagonal in this figure, as illustrated
for the example R = 400 m. We observe that — besides the maximum range Ry,x — a minimum
range R exists, and that its value depends on the electron lifetime: smaller 7, corresponds to
larger Rpnin. This can be understood from Equation (2) since the range and beat frequency are
linearly proportional for fixed modulation parameters. Consequently, a smaller range value results
in a smaller fieqc and a larger corresponding beat period Tyeyt for the IF monotone. If Tieqe €xceeds
the total duration of the signal, aliasing occurs, and an incorrect beat frequency is recovered from
the Fourier transform. The signal duration for the fixed cascade direction in Figure 2 is set by the
free electron lifetime [11]. Hence, smaller lifetimes will result in shorter signals and a larger Ry,
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Figure 3: (a) The received (RX) radar echo signal in dark blue and the transmitter (TX) reference signal in
light blue. (b) The intermediate (IF) signal found by mixing the RX and TX signal. (c) The Fourier transform
of the IF signal showing a monotone at the beat frequency fiea indicated by the black dashed line.

as seen in Figure 4. However, for all lifetimes and range values R > Rpn, the signal duration is
sufficiently long to correctly represent the monotone with period Tpeat, and a good accuracy is found
with residuals <10 %.
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The free electron lifetime is a physical property set by nature and we found it has a significant
effect on the ranging accuracy. However, this accuracy can still be improved for a fixed lifetime
by choosing the modulation parameters of the FMCW radar system; quantities that are under full
control of the observer. Consequently, if the ranging accuracy for a fixed target range wants to be
improved, the corresponding Tpeat (foeat) Should decrease (increase) to ensure that the total signal
duration exceeds Tpeyt. As can be seen from Equation (2), fyear can be increased for fixed range R by
choosing a larger value for B or a smaller value for 7,.. Decreasing T, will also lower the maximal
range of the radar system, which is Rp,x = 1 km for the modulation setting P1 in deep ice. As the
attenuation length of radio waves in ice is O(1km), we chose to keep T, fixed and instead double
the value of B, referred to in Table 1 as modulation setting P2. We re-run the MARES simulations
for the P2 modulation parameters and calculate the ranging accuracy, shown in the bottom row of
Figure 4. We see that the value of R, has decreased for all four lifetimes, confirming the effect of
changing B on the ranging accuracy.
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Figure 4: The ranging residuals defined in Equation (3) for two sets of modulation parameters, listed in
Table 1, as a function of the antenna separation (Rg,R7) and free electron lifetime (7.). The black dashed
line shows the Rr and Ry combinations that yield a fixed total range of 400 m.

4. Discussion

The results presented in this work do not include geometries that exhibit Doppler shifts.
However, well-established methods in conventional radar can include them, e.g. an FMCW system
with a triangular modulation pattern [15, 16]. In Section 2, we discussed how a difference between
the instantaneous frequency of the RX and TX signal is created due to the target range. When this
target has a non-zero velocity, a Doppler shift arises and the entire frequency modulation of the RX
signal is shifted up or down, changing this frequency difference. A sawtooth modulation cannot
distinguish between this range-induced and velocity-induced frequency shift, while a triangular
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modulation can due to its rising and falling edges, explained in more detail in [15, 16]. To retrieve
both the range and Doppler shift, it is required that both sides of the triangle are observed in the
RX signal. In conventional radar setups, the target is detectable for much longer than the typical
modulation period, and therefore, the full triangle modulation is contained within the RX signal.
Unfortunately, this does not apply to neutrino detection due to the short lifetime of the ionisation trail
T, ~ O(10ns). Decreasing T, to the same order of magnitude as the free electron lifetime would
not solve this issue, as the maximal range of the radar system would decrease to Ryax ~ O(10m).
Therefore, we cannot use this conventional method to determine the Doppler shift for radar neutrino
detection.
Instead, we propose two potential solutions to this problem:

* Custom-designed modulation patterns. Combining different modulation patterns — such as

the ones shown in Figure 1a — allows for creating a custom profile that satisfies our require-
ments: a pattern that changes its frequency over both short and long time scales during the
entire chirp period 7,.. This could potentially break the degeneracy between the range-induced
frequency shift and Doppler shift without altering 7. and thus Ry,x.

* Combine CW and FMCW. Instead of using a single CW or FMCW transmitter, we could
operate both at the same time. The transmitters would be located close to each other and

transmit in different frequency bands. The resulting radar echo from a neutrino interaction
would then consist of two distinct peaks in the frequency domain, one from each mode. The
CW component is not affected by the range, but gets Doppler shifted due to the non-zero
velocity of the target. Hence, the CW frequency peak can be used to perform a redshift
correction on the RX signal. After this redshift correction, the CW component can be filtered
out and the RX signal contains only the FMCW mode. This redshift-corrected and filtered
RX signal then allows for determining the target range from a simple sawtooth modulation.

5. Conclusion

In this work, we simulated, for the first time, the radar echoes from in-ice neutrino-induced
particle cascades using an FMCW radar system. We investigated its potential to reconstruct the
range to the interaction vertex and only considered geometries with minimal Doppler shifts. This
allowed us to use a sawtooth modulation pattern to prove the feasibility of the method. We found
that the overall ranging accuracy is good (residuals < 10 %) and discovered that the free electron
lifetime is one of the main limiting factors. However, even for the most pessimistic lifetimes, the
ranging accuracy can be improved by using a radar system with stronger modulations, i.e. larger
B values for fixed 7.. Extending these results to geometries that include Doppler shifts requires
further investigation and will be the topic of future work.
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