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Abstract

Space-based solar power has been proposed as early as the
1960s as a source of reliable and clean energy. Due to
reductions in the cost of orbital access it has received re-
newed interest in recent years. A practical challenge to the
deployment of these systems is the requirement for ultra-
large scale antenna arrays for wireless power transfer at
scale, with proposed GW scale systems with antenna ar-
ray diameters on the order of 2km, with billions of antenna
elements. In this paper a development of the Rayleigh-
Sommerfeld Diffraction Integral is introduced together with
CUDA accelerated ray tracing for flexible modelling. A
simplified parallel antenna array model is introduced at
10GHz demonstrating the effectiveness of different beam-
forming algorithms, together with preliminary results of a
larger array scenario for wireless power transfer over 5.9km
to a receiving array in a 5km square map tile.

1 Introduction

The recent interest in Space-based Solar power as a poten-
tial solution to the search for reliable, green energy. These
solutions are based upon a variety of satellite concepts to
generate power from photovoltaic orbital ‘farms‘ and trans-
ferring the power to ground based receiving stations wire-
lessly using microwaves. In order to beam power over
long distances, there are broadly three different technolo-
gies considered, optical, high frequency microwaves and
low frequency microwaves. Of these options microwaves
in the frequency range 1-10GHz are considered the opti-
mum tradeoff for space-based solar power (SBSP), as while
relatively large apertures are required for efficient transfer,
this range offered reduced atmospheric attenuation and im-
proved conversion efficiency [1].

Initial demonstrations of wireless power transfer were car-
ried out by Brown [2], culminating with the Goldstone tests
which still hold the record for the highest power trans-
ferred wirelessly over a long distance [1]. A range of dif-
ferent solar generation and transmission architectures have
been proposed, conventional phased arrays with either mir-
ror redirection to conventional photovoltics or a large stack
of photovoltaics spaced away from the transmitter, such as
SPS-Alpha and the Sun Tower [3, 4] represent the simplest
to model despite their size, as the antenna arrays themselves

are planar. An alternative architecture is CASSIOPeiA,
which uses a helix structure with omnidirectional antenna
elements to allow for consistent beamforming through 360o

in azimuth [5]. Whatever the architecture of interest, SBSP
satellites have been proposed with over a billion antenna
elements, with diameters on the order of 2km. In order to
model the performance of these systems, an efficient, flex-
ible model is required which can predict the near field per-
formance of gigascale antenna arrays.

2 Scalable Electromagnetics

In order to develop a scalable approach to modelling wire-
less power transfer two aspects were considered. The over-
all computational approach to modelling gigascale electro-
magnetics problems were based around a pragmatic assess-
ment of the computation required for kilometer scale an-
tenna arrays. The available open source model (LyceanEM)
was capable of handling problem sizes around 1 ∗ 107 rays
using a Numba-CUDA accelerated python implementation
and modelling at the desired scale would require 1 ∗ 1020

rays [6]. While such scales will likely always require ded-
icated high performance computing, a raycasting accelera-
tion approach was required to improve speed at which each
path could be checked and calculated. In this work, this
acceleration approach will be introduced, together with a
development of the Rayleigh-Sommerfeld Diffraction Inte-
gral to support near-field wireless power transfer at scale.

2.1 Computational Approach

The original Numba-CUDA Python implementation of the
electromagnetic (EM) propagation model used a hybrid
GPU/CPU approach, where both raycasting and EM atten-
uation were GPU, but intermediate filtering steps were per-
formed on the CPU [7] The first CUDA version took this
approach and achieved an order of magnitude speed up [8].
The back-and-forth between the CPU and GPU introduced
significant latency allowing for a further order of magni-
tude speed up when all operations were moved to the GPU.
By experimenting with further optimizations, such as ker-
nel fusion, vectorized data types, and different data struc-
tures, the code saw a further increase in performance on the
order of 180 times faster for one of the public facing tutori-
als.



This increase while impressive is not sufficient for the
planned modelling of gigascale electromagnetics problems,
despite the efficiency of the Moller algorithm [9]. To solve
this the raycasting moved from a brute force ray triangle
intersection method, to a tile based acceleration approach.
This was loosely based of the the work of Henning and that
in the envisaged scenario the majority of the triangles are
on the earth which can be taken as a pseudo-plane from
the prospective of our SBSP satellite [10, 11]. Before the
raycasting happens all triangles are binned into a grid ac-
cording to there position in this 2D plane. The boundaries
of each bin are then used to eliminate all triangles in bins
not intercepted by the ray. This approach allows the compu-
tational complexity to go from O(Rays) ∗O(Triangles) to
O(Rays)∗O(

√
Triangles). While there is a computational

overhead generating the tiles, so in scenarios where there
are no triangles the brute force CUDA approach is faster,
large ray and triangle models such as introduced in Section
3.2 are simply not possible with the brute force approach.

2.2 Electromagnetics

The propagation algorithm selected as part of the SCOPES
development is a derivation of the Rayleigh-Sommerfeld
Diffraction Integral [12], with changes to support polari-
metric (covering all field polarisations) modelling of radio
propagation. In order to find the field at observation point
p0, we need to solve the Greens theorem identity for the
fully enclosing surface S, for which

U(p0) =
∫ ∫

S
(U

∂G
∂n

−G
∂U
∂n

)ds (1)

In order to simplify and solve we can partition into two
parts, one representing the aperture of interest S1, and the
remaining enclosing surface S2 via S = S1 +S2. The Som-
merfeld Radiation condition maintains that as R becomes
large the contribution on S2 tends to zero and can be ne-
glected [12]. Then via the Kirchhoff boundary conditions
defining the field outside the aperture ∑ in S1 as zero. Thus
the total field at the observation point p0 can be defined as

U(p0) =
1

2π
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∑

(U
∂G
∂n

−G
∂U
∂n

)ds (2)

and the first Rayleigh-Sommerfeld solution can be used to
find the resultant field at the observation point p0 due to the
aperture ∑ as

U(p0) =− 1
2π

∫ ∫
∑

U(p1)
∂G
∂n

ds (3)

For which U(pn) can be defined via the area ds on the aper-
ture ∑ with amplitude A and phase φ as U(pn) = Aeiφ .
While G can be defined as the expanding spherical wave
from a source at the observation point to pn as

G =
eikr01

r0,n
(4)

∂G
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= cos(n⃗p1 , ⃗r(0,n))(ik−
1

r(0,n)
)

eikr(0,n)

r(0,n)
(5)

This is the lossless simple case, and so for a lossy medium
the expression for G and it’s partial derivative with respect
to n will need to be replaced with

E(r) = E0eαrei(β r+ψ) (6)

Which can then be used to derive the expression given in
Equations 7.

∂G
∂n

= (α + iβ − 1
r(0,n)

)
e(α+iβ )r(0,n)+ψ

r(0,n)
(7)

These terms allow the prediction of the propagation of a
wave from a defined aperture through a lossy medium such
as the atmosphere via the specification of appropriate prop-
agation constants, but represents an isotropic solution. A
development of this approach allows for the inclusion of
polarised field components is the use of the transition ma-
trix A⃗r which represents the field components propagating
in the direction of ray r⃗(0,n), as shown in Equation 8.

U(p0) =− 1
2π
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∑

UA⃗r(0,n)(α + iβ − 1
r(0,n)
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ds

(8)

2.3 Beamforming

In order to consider wireless power transfer, three differ-
ent beamforming algorithms were considered for compar-
ative analysis. Wavefront, a conventional farfield beam-
forming algorithm with flat amplitude weights and phase
weights based on the direction of interest. Equiphase,
a near-field beamforming algorithm using phase weights
based upon the distance of each element from target point,
and Equiphase phase weights with Kaiser window function
used to generate amplitude weights for increased directiv-
ity. Equiphase can be replicated by transmitting a pilot
beam from the receiver to the transmitter, and sampling the
pilot signal at each element to generate the phase conjugate
which can then be used as the phase weight for that element
[13, 5].

3 Results

3.1 Small Scale Power Transfer

In order to consider the effects of different beamforming
algorithms on overall power transfer efficiency at a conve-
nient model size, a reference case was chosen with identical
antenna arrays for the transmitter and receiver at 10GHz.
The antenna arrays were each specified as square arrays
with an inter-element spacing of 0.4941λ , and 2m square,



Figure 1. Received Power Density for Equiphase beam-
forming algorithm at 3m separation

Figure 2. Comparison of power transfer efficiency with
Theoretical Maximum for different beamforming algo-
rithms

with 18225 elements in each antenna array. The transmit-
ting antenna elements linearly polarized (aligned with the y
axis as shown in Figure 1). The total power transferred with
each beamforming algorithm is shown in Figure 2 com-
pared to the theoretical maximum as derived by Goubau
[14] for a transmit power of 100W. This is defined in terms
of the transmit and receive aperture area, wavelength λ , and
separation D, via Equation 9 in order to calculate maximum
efficiency Equation 10.

τ =

√
(AtAr)

λD
(9)

η = 1− eτ2
(10)

A range of 50 individual ranges were considered in the
model, with a total time per simulation of 130 seconds. Us-
ing the Numba accelerated python version.

3.2 Large Scale Power Transfer

The large scale example places a notional antenna array in
a rural area in Walton-in-Gordano. This example model
uses a digital surface model provided by the National Lidar
Program in order to create a populated topographical 5 km
grid square [15].

The desired test scenario was to consider a scaled down
arrangement based upon the geometry of a geosynchronus

Figure 3. Walton-in-Gordano Large scale model with re-
ceiving antenna array placed centrally

satelite, with the range, transmitter and receiver sized for a
maximum transfer efficiency of 80%. This was calculated
via Equation 10, and set the range at 5.9km.

The transmitting aperture is specified as a circular array
with a radius of 17.2135m, with an operating frequency of
2.4GHz, 250,000 elements and an inter-element spacing of
0.5λ . A transmit power density of 240 W/m2 was selected
for the transmitter, resulting in a total transmit power of
223.4kW. The transmitting polarization was circular. The
transmitting array was placed 5.9km from the receiver at an
elevation angle of 31.2o, replicating the illumination geom-
etry of a satellite in geosynchronous orbit.

The receiving antenna array was defined as an ellipse with
a major radius of 37.32m, a minor radius of 31.94m, and 1
million antenna elements. The receiving array was aligned
parallel with the ground, to represent the simplest case for
a rectenna array installation. To consider the effects of the
power transfer beam on the wider area a sparse set of sam-
ple points were defined on the digital surface model with
a spacing of 5m for an additional 1,000,000 sample points,
which can be seen with the receiving antenna array in Fig-
ure 3. The beamforming algorithm used for the figure was
the Equiphase method with no amplitude weightings.

Two beamforming algorithms were considered for the large
scale model, both the wavefront and equiphase beamform-
ing. The resultant power received at the rectenna array and
total transfer efficiency is provided in Table 1. While the ar-
ray sizes and separation were selected for a maximum trans-
fer efficiency of 80%, this would be for parallel antenna ar-
rays. The receiver’s angular offset from the boresight of the
transmitter is 59o. If the antenna array was arranged into
subarrays aligned onto the transmitter, this would be signif-
icantly higher.



Beamforming Algorithm Total Power (kW) Efficiency (%)
Wavefront 73.26 33
Equiphase 80.39 36

Table 1. Received Power and Efficiency for large scale
model

4 Conclusions

LyceanEM was originally developed for rapid virtual proto-
typing of antenna arrays for complex systems in the farfield.
The shift of the codebase to the diffraction integral and im-
provements to the computational efficiency enable it’s ap-
plication to very large antenna arrays and antenna array de-
velopment. The large scale power transfer model shown in
Section 3.2 demonstrates the potential for examining these
problems on single GPUs, but in order to handle full scale
models future development will be needed to support con-
venient parallelisation onto multi GPU high performance
computing resources. In the future examination of offset
feed reflector rectenna arrays could an attractive alternative
to flat panel rectenna arrays, and can be expected to offer
higher illumination efficiency when properly aligned on the
transmitter [13].
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