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Abstract. Over the last decades, radio detection of air showers has been established as
a promising detection technique for ultrahigh-energy cosmic rays and neutrinos. Very
large or dense antenna arrays are necessary to be proficient at collecting information
about these particles and understanding their properties accurately. The exploitation of
such arrays requires to run massive air-shower simulations to evaluate the radio signal
at each antenna position, taking into account features such as the ground topology. In
order to reduce computational costs, we have developed a fast computation of the emit-
ted radio signal on the basis of generic shower simulations, called Radio Morphing. The
method consists in the calculation of the radio signal of any air-shower by i) a scaling of
the electric-field amplitude of a reference air shower to the target shower, ii) an isome-
try on the simulated positions and iii) an interpolation of the radio pulse at the desired
position. This technique enables one to gain many orders of magnitude in CPU time
compared to a standard computation. In this contribution, we present this novel tool and
explain its methodology. In particular, Radio Morphing will be a key element for the
simulation chain of the Giant Radio Array for Neutrino Detection (GRAND) project, that
aims at detecting ultra-high-energy neutrinos with an array of 200 000 radio antennas in
mountainous regions.

1 Introduction
The calculation of the expected radio signal from an extensive air-shower can be performed by macro-
scopic or a microscopic approaches. The first one describes the radio emission mainly by modeling
and fitting of the electric current and charge distribution in a shower. Therefore, this mostly analytical
calculation of the signal, as used in e.g. MGMR [1] or EVA [2], is very fast. On the other hand, some
parameters of the models which are determining the signal have to be tuned, affecting the prediction
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of the electric fields. The microscopic approach, as used in CoREAS [3] or ZHAireS [4], considers
each single electron and positron in an air shower individually. Here, derived from first principle, no
assumptions on the emission mechanisms are made and there are no free parameters to tune. Due
to the underlying Monte-Carlo simulation of the air shower, this approach is highly time-consuming,
especially for lower thinning levels, so that the limitations of computational resources are quickly
reached. Especially at early stages of very large radio arrays, e.g. in the case of performance studies
of particular topographies for the GRAND experiment [5], a more portable and at the same time fast
method is needed.

Therefore, we developed Radio Morphing which allows to obtain the signal expected by any air
shower at any desired observer position, based on the simulation of one generic shower and morphing
according to the desired shower parameters via purely mathematical operations.

2 Method and comparison to microscopic simulations
The basic idea of Radio Morphing is that the electric field vector EB(x′, t′) of a the radio signal
emitted by any shower B and measured at a given position x′ and time t′ can be derived from that of
a reference shower A by a set of simple mathematical operations that are applied on the electric field
vector EA(x, t) and on its corresponding position x.
It can be found that at fixed distances from the shower maximum Xmax, the strength of the radio
signal solely depends on the primary energy E, the shower direction described by the zenith θ and
the azimuth φ as well as on the injection height h of the air shower. Therefore, we simulate the radio
signal of a generic shower for antenna positions at fixed distances from Xmax, arranged in a so-called
star-shape pattern, with observer positions distributed along the (v × B)- and (v × v × B)-axis, with
v as the direction of the shower and B as the orientation of the Earth’s magnetic field. Following
expressions of the electric field amplitude derived by [6] and the recent measurements performed by
AERA and LOFAR [7, 8], the electric field amplitude can be expressed as a product of factors j
scaling linearly with respective shower parameters, most notably the primary energy E ( jE) and the
sine of the geomagnetic angle α ( jα). The zenith θ and the injection height h of the shower affect the
signal strength via the dependency of the air density and the refractive index on the actual height of
Xmax. From fits to simulations, we found the following density scaling ( jρ): |�E|2 ∝ [ρXmax (h, θ)]−1, with
ρXmax (h, θ) as the air density at Xmax. The density at Xmax also impacts the value of the refractive index
n, affecting the size of the Cherenkov ring. For a decreasing refractive index with height, the area
illuminated by the radio signal at a fixed distance from Xmax decreases while the total emitted energy
is conserved. To account for that, we use a factor jC = 1/kC with kC expressing the relative value by
which the Cherenkov ring increases (kC > 1) or shrinks (kC < 1). The simulated antenna positions of
the reference shower are adjusted by kC. At a fixed distance to the shower maximum Xmax, the signal
of a reference and a target shower can be linked by the showers parameters, leading to the following
dependency of the electric field vector:

EB(x′, t) = JAB(E, θ, φ, h) EA[kAB(θ, h) x, t].

In the scaling, independent effects related to the primary energy, the geomagnetic field, the air
density, and air refraction index are taken into account as a scaling matrix JAB(E, θ, φ, h) = jE jα jρ jc
and a factor kAB(θ, h) = kC. After the scaling of the electric-field amplitude, the scaled observer
positions x′ of the reference shower have to be adjusted by an isometry to the geometry of the target
shower. Profiting from the reference simulations of the radio signal at observer positions arranged
in the star-shape pattern, this is done by a simple rotation of the position accordingly to the target
shower direction and their translation accordingly to the shower maximum Xmax of the target shower.
To receive the signal at the desired antenna positions, we perform a linear interpolation of amplitude



3

EPJ Web of Conferences 216, 03012 (2019) https://doi.org/10.1051/epjconf/201921603012
ARENA 2018

of the electric fields. The microscopic approach, as used in CoREAS [3] or ZHAireS [4], considers
each single electron and positron in an air shower individually. Here, derived from first principle, no
assumptions on the emission mechanisms are made and there are no free parameters to tune. Due
to the underlying Monte-Carlo simulation of the air shower, this approach is highly time-consuming,
especially for lower thinning levels, so that the limitations of computational resources are quickly
reached. Especially at early stages of very large radio arrays, e.g. in the case of performance studies
of particular topographies for the GRAND experiment [5], a more portable and at the same time fast
method is needed.

Therefore, we developed Radio Morphing which allows to obtain the signal expected by any air
shower at any desired observer position, based on the simulation of one generic shower and morphing
according to the desired shower parameters via purely mathematical operations.

2 Method and comparison to microscopic simulations
The basic idea of Radio Morphing is that the electric field vector EB(x′, t′) of a the radio signal
emitted by any shower B and measured at a given position x′ and time t′ can be derived from that of
a reference shower A by a set of simple mathematical operations that are applied on the electric field
vector EA(x, t) and on its corresponding position x.
It can be found that at fixed distances from the shower maximum Xmax, the strength of the radio
signal solely depends on the primary energy E, the shower direction described by the zenith θ and
the azimuth φ as well as on the injection height h of the air shower. Therefore, we simulate the radio
signal of a generic shower for antenna positions at fixed distances from Xmax, arranged in a so-called
star-shape pattern, with observer positions distributed along the (v × B)- and (v × v × B)-axis, with
v as the direction of the shower and B as the orientation of the Earth’s magnetic field. Following
expressions of the electric field amplitude derived by [6] and the recent measurements performed by
AERA and LOFAR [7, 8], the electric field amplitude can be expressed as a product of factors j
scaling linearly with respective shower parameters, most notably the primary energy E ( jE) and the
sine of the geomagnetic angle α ( jα). The zenith θ and the injection height h of the shower affect the
signal strength via the dependency of the air density and the refractive index on the actual height of
Xmax. From fits to simulations, we found the following density scaling ( jρ): |�E|2 ∝ [ρXmax (h, θ)]−1, with
ρXmax (h, θ) as the air density at Xmax. The density at Xmax also impacts the value of the refractive index
n, affecting the size of the Cherenkov ring. For a decreasing refractive index with height, the area
illuminated by the radio signal at a fixed distance from Xmax decreases while the total emitted energy
is conserved. To account for that, we use a factor jC = 1/kC with kC expressing the relative value by
which the Cherenkov ring increases (kC > 1) or shrinks (kC < 1). The simulated antenna positions of
the reference shower are adjusted by kC. At a fixed distance to the shower maximum Xmax, the signal
of a reference and a target shower can be linked by the showers parameters, leading to the following
dependency of the electric field vector:

EB(x′, t) = JAB(E, θ, φ, h) EA[kAB(θ, h) x, t].

In the scaling, independent effects related to the primary energy, the geomagnetic field, the air
density, and air refraction index are taken into account as a scaling matrix JAB(E, θ, φ, h) = jE jα jρ jc
and a factor kAB(θ, h) = kC. After the scaling of the electric-field amplitude, the scaled observer
positions x′ of the reference shower have to be adjusted by an isometry to the geometry of the target
shower. Profiting from the reference simulations of the radio signal at observer positions arranged
in the star-shape pattern, this is done by a simple rotation of the position accordingly to the target
shower direction and their translation accordingly to the shower maximum Xmax of the target shower.
To receive the signal at the desired antenna positions, we perform a linear interpolation of amplitude

50 55 60 65 70
80

160

240

320

400

480

560

640

720

el
ec

tr
ic

 fi
el

d 
(µ

V/
m

)

West-East (km)

Radio morphing

50 55 60 65 70

46

48

50

52

54

56

58

So
ut

h-
No

rt
h 

(k
m

)

West-East (km)

ZHAireS

50 55 60 65 70

46

48

50

52

54

56

58

1.0
0.8
0.6

0.4
0.2

0.0
0.2
0.4

0.6
0.8
1.0

Re
la

tiv
e 

di
ffe

re
nc

e

West-East (km)

target shower
reference shower

energy/EeV
0.316
1.05

zenith/°
91.5
90.5

azimuth/°
-170
-130

injection height/m
2500
2200

East-West 
component

East-West 
component

East-West 
component

primary
e-
e-

thinning level
10-5

10-5

Figure 1. Top: Comparison of a ZHAireS simulation (left) and Radio Morphing (center). Right: Relative 
difference between the peak-to-peak amplitudes at each observer position defined as (Ezhaires −Erm)/Ezhaires. 
Bottom: Table of primary’s parameters for the reference and target shower.

and phase of the signal between the simulated observer positions surrounding the desired one in
the frequency domain as described in [9]. A comparison between the output from ZHAireS and
Radio Morphing in the frequency band of 0 − 500 MHz is displayed in Fig. (1) (top). As target
and reference we have simulated air showers with the parameters as given in Fig. (1) (bottom) and
a thinning level of 10−5. For comparison, the ZHAireS simulation took ∼ 6 h for 206 observer
positions, while via Radio Morphing, the expected radio signal for this target shower was calculated
for exactly the same observer positions within ∼ 1 min on the same computer. The comparison of the
peak-to-peak amplitude distribution shows that expected features in the footprint as the Cherenkov
ring get reproduced. Even though all shower parameters of the reference shower had to be scaled
to the target parameters, we found a difference of only ∼ 10% in the signal strength for most of
the simulated locations, while saving a factor of O(2) in time. The maximal differences in the
calculated peak amplitudes for single antenna positions of ∼ 20% can be found for positions near
the edges of the Cherenkov cone. Due to the exponential drop of the signal strength at the edges of
the cone, already a slight misalignment in the exact position of the cone lead to this order of difference.
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