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Context	:		
In	recent	years,	Space-Time	Modulations	have	revolutionized	the	control	of	electromagnetic	
waves.	A	multitude	of	potential	applications	can	be	found	in	reference	[1].	This	work,	carried	
out	 in	 a	 few	 laboratories	 worldwide,	 is	 clearly	 disruptive:	 it	 leads	 to	 completely	 new	
component	concepts	or	very	original	ideas	[2].	
Within	 the	 LAPLACE	 laboratory,	 the	Electromagnetic	Research	Group	has	been	developing	
for	more	than	ten	years	a	research	axis	on	wave	interactions	with	cold	plasmas.	Skills	have	
also	been	capitalised	in	the	fields	of	metamaterials	and	the	Time	Reversal	of	electromagnetic	
waves	for	the	spatio-temporal	control	of	plasmas.	
The	very	 innovative	perspectives	resulting	 from	the	Time-Modulation	concepts	 in	 terms	of	
pulsed	 energy	 storage	 and	 use	 with	 (or	 for)	 plasmas,	 motivate	 this	 Ph	 D	 proposal.	 The	
investigative	 skills	 and	 knowledge	 gathered	 within	 LAPLACE	 should	 enable	 the	 first	
experiment	of	plasma	based	microwave	Time-Modulation.	
	
	
Ph	D	work	:	
Based	 on	 the	work	 of	 [3],	 simple	 concepts	 (circuit	 ones)	will	 be	 used	 to	 understand	 how	
electromagnetic	 energy	 can	behave	unusually	 in	 a	propagation	medium	or	 a	dipole	which	
electrical	 and	 magnetic	 properties	 change	 rapidly	 over	 time.	 We	 will	 study	 how	 energy	
accumulation	can	be	used	to	create	or	maintain	a	plasma.		
The	 example	 of	 a	 cavity	 will	 serve	 as	 a	 basis	 for	 understanding	 physical	 phenomena	 and	
electromagnetic	energy	flows.	
The	 exploitation	 of	 a	 cold	 plasma	 in	 the	 cavity	 (or	 located	 at	 its	 access)	 will	 then	 be	
evaluated	according	to	two	purposes.	Consideration	will	be	given	to	the	possibility	of	using	it	
to	 obtain	 the	 required	 modulation	 scheme	 and	 to	 the	 possibility	 of	 optimizing	 the	
electromagnetic	 energy	 transferred	 to	 the	 plasma.	 The	 issue	 of	 pulsed	 nanosecond	
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in the dispersion diagram, which are symmetric with respect to
the positive and negative Bloch-Floquet wavenumbers. In the
band gaps, the Bloch-Floquet harmonics acquire an imaginary
part in their wavenumber and hence become evanescent. Thus,
when a wave incident on the structure is modulated at a
frequency falling within these band gaps, complex and hence
evanescent modes will be excited. In contrast to reciprocal
media, STM media provide oblique ST photonic transitions
and exhibit asymmetric band gaps [11], [45]. Fig. 12(a)
depicts the wave isolation based on asymmetric photonic
band gaps [45]. This approach leverages the ST variation
in the permittivity of medium to generate electromagnetic
band structures that are asymmetrically aligned with respect
to the direction of propagation, as shown in Fig. 12(b). In
the forward problem, the incident wave at the frequency !0

excites an evanescent mode, represented by the magenta dot.
If the structure is long enough, almost no power reaches
the end of it and the wave is fully reflected. In contrast,
in the backward problem, the mode marked by the green
dot is a propagating mode, which is excited. Therefore, the
incident electromagnetic power is transferred to the other side
of the structure. Fig. 12(c) shows an image of the fabricated
prototype and the experimental results for the forward and
backward transmitted fields. The ST modulation circuit is
formed by 39 unit cells of antiparallel varactors, uniformly
distributed along the microstrip line, with the subwavelength
period p = 5 mm, corresponding to p/�m ⇡ 1/19 [45]. Hence,
the structure emulates a medium with the continuous STM
permittivity in (3a). The corresponding length at frequency
!0 = 2⇡⇥2.5 GHz is L = 6�0, where !m = 2⇡⇥0.675 GHz,
�m = 415.79 rad/m, and �C = 0.15. The achieved isolation at
!0 = 2⇡ ⇥ 2.5 is more than 10.5 dB.

3) Self-Biased Broadband Isolator Based on Unidirectional
ST Coherency: Consider a condition in which the ST
modulation and the incident wave share the same temporal
frequency !0 [18]. As a consequence, a temporal coherency
occurs between them regardless of the direction of the inci-
dent wave, and the nonreciprocal operation of the structure
is dictated by the spatial coherency difference between the
direction of the STM medium and the incident wave. At certain
ST modulation phase shifts and ST modulation amplitudes,
corresponding to the ST coherency conditions, the structure
operates as an isolator. The proposed structure provides broad
operation bandwidth and small size, and hence, exhibits
superior efficiency compared to previously proposed STM
isolators [9]–[11], [45]–[47]. Such a coherent STM isolator
may be realized using a self-biased architecture, where the
input signal modulates the structure itself, and it thus operates
as a self-biased isolator. Moreover, the proposed isolator is
capable of providing transmission gain, as well as introducing
nonreciprocal reflection gain. This isolator is formed by a
transmission line with the length L and permittivity

✏(z, t) = ✏av[1 + �
✏

cos(�mz � !0t+ �m)]. (13)

where �m is the modulation phase, and !0 denotes the tem-
poral frequency of both the modulation and incident wave.
The closed form solution of the scattered electromagnetic
fields may be derived, by considering the transformation

Fig. 12. Isolator based on nonreciprocal Bragg reflections in an STM
medium with asymmetric electromagnetic band gaps. (a) Forward problem:
propagation of the wave in the electromagnetic band gap of the structure
yields complete-reflection. Backward problem: propagation of the wave in
the pass-band of the structure yields complete-transmission. (b) Dispersion
diagram [45]. (c) Photograph of the fabricated structure and the experimental
results for nonreciprocal transmission [45].
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Metasurface “Solar Sail” for flexible
Radiation Pressure Control

Karim Achouri and Christophe Caloz

Abstract—We propose to use metasurfaces as a mean of

controlling radiation pressure for increasing the range of motions

of spacecraft solar sails. Specifically, we present a theoretical

study of different electromagnetic field configurations, and cor-

responding metasurface structures, that allow one to achieve

repulsive, attractive, lateral and rotational forces.

Index Terms—Metasurface, metamaterial, bianisotropy, solar

sail, radiation pressure.

I. INTRODUCTION

The solar sail is a spacecraft propulsion method based
on radiation pressure. Although the force density exerted by
light upon scattering on an object is very small, the resulting
force may be sufficient for propulsion if the scattering area
is sufficiently large. This technology may, one day, allow
humanity to travel among the stars [1]. However, solar sails
are, as of now, restricted to repulsive forces, which severely
limits the spacecraft motion capability.

In this work, we extend the range of operation of conven-
tional solar sails by introducing metasurface solar sails. We
propose to leverage the electromagnetic transformation capa-
bilities of metasurfaces to control radiation pressure. While
most studies on optical forces have been so far restricted
to the manipulation of forces acting on small particles [2]–
[6], our goal here is to design a metasurface system, which
consists of a metasurface attached to an object to be moved
(e.g. a satellite), and whose motion can be controlled by the
illumination emerging either from stars or from high-power
earth-based or satellite-born lasers. Different forces may then
be obtained by varying the polarization and/or wavelength of
the illumination. In what follows, we propose a prospective
study on the capabilities of metasurfaces to control radiation
pressure.

II. ELECTROMAGNETIC FORCE ON A STATIONARY OBJECT

An electromagnetic wave carries both energy and momen-
tum. When it is scattered or absorbed by an object, the latter
is subjected to a force as a consequence of the conservation
of momentum law, which reads [7]

f + ✏µ
@S

@t
= r · T em, (1)

where f is the volume force density, S is the Poynting vector
and T em is the Maxwell stress tensor, which is itself given by

T em = DE +BH � 1

2

I(D ·E +B ·H), (2)

where I is the identity tensor and E,D,B and H corre-
spond to the total electromagnetic fields. Let us assume, for

simplicity, that the object is not moving and hence that the
total (incident and scattered) field around the object is not
changing with time. In that case, the time derivative of the
Poynting vector in (1) vanishes. Using Gauss integration law,
the time-averaged force acting on the object is then given by

hF i =
Z

V

r · hT emi dV =

I

S

hT emi · n̂ dS, (3)

where n̂ is the unit vector normal to the surface surrounding
the object and h·i denotes the time-average operation. Assume
now that the object to be moved is the metasurface system
surrounded by vacuum, as depicted in Fig. 1. The forces acting
on this metasurface, which is located at z = 0 in the xy-
plane, are calculated using (3). The surface integration in (3) is
performed on two planar surfaces, which are located at z = 0

+

and z = 0

� and for which n̂ = +ẑ and n̂ = �ẑ, respectively.
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Fig. 1: Proposed metasurface solar sail with two lateral forces
(±F

x

and ±F
y

), a repulsive/attractive force (±F
z

) and three
rotational forces (±F

�

). Picture credit: NASA.

Let us assume, for simplicity, that the interactions between
the incident, reflected and transmitted waves and the metasur-
face occur only in the xz-plane. The metasurface is isotropic,
has a finite lateral size of dimensions L

x

⇥L
y

and is assumed
to be of zero thickness. We now calculate the force that a p-
polarized plane wave, impinging at an angle ✓i from broadside,
exerts on the metasurface. The corresponding electromagnetic
fields of the incident wave are given by

Hi = ŷ
E

0

⌘
0

e�jk0(sin (✓i)x+cos (✓i)z), (4a)

Ei = [x̂ cos (✓i)� ẑ sin (✓i)]E0

e�jk0(sin (✓i)x+cos (✓i)z), (4b)
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discharges	 will	 be	 particularly	 targeted.	 This	 research	 presents	 an	 opportunity	 for	 a	
technological	breakthrough	in	the	way	such	discharges	are	created.	
	

• 1st	year:	
o goal:	 catch	 the	 basic	 physical	 concepts	 of	 Time	 Modulation	 for	

electromagnetism	(if	necessary,	plasma	training	courses).	
o approach:	 circuit	 analysis,	 based	 on	 bibliography	 and	 simulations	 (if	 necessary,	

basic	training	with	lab’s	plasmicians	and	in-house	experiments).	
• 2nd	year:	

o goal:	identify	the	pros	and	cons	of	using	plasmas	and	cavities	to	perform	Time	
Modulation	experiments.	

o approach:	 understand	 the	 basic	 mechanisms	 in	 the	 specific	 context	 of	 a	
plasma	partially	filled	cavity	(which	performs	the	modulation).	

• 3rd	year:	
o goal:	 design,	 build	 and	 characterize	 a	 Time	 Modulation	 experiment	 in	 a	

plasma	cavity.	
o approach:	based	on	 the	orientations	previously	 identified:	design,	build	and	

characterize	 (electromagnetically)	 the	 behaviour	 of	 such	 a	 cavity.	 In	
particular,	 assess	 the	 impact	 of	 the	 kind	 of	modulation	 scheme	on	 physical	
behaviour.	

	
Desired	candidate	profile	:	
Grande	Ecole	of	Engineering	Master	of	Science	with	knowledge	in	electronics,	or	
microwaves,	or	plasmas,	or	electrical	or	physical	engineering.	
Master's	degree	with	honours	in	one	of	these	specialties.	
Group	 work	 and	 analytical	 development	 skills,	 curiosity,	 enthusiasm,	 appetite	 for	
multidisciplinary	research	activities.	
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