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INTRODUCTION

The seach for eath-like exoplanets requires nulling interferometry in the thermal infrared damain. Nulling is needed
because the star overshines the planet and the starlight must be diminated. Thermal infrared is €leded so as to record
the light radiated by the planet itself , not the one from the star, refleded by the planet, but also because the flux ratio
between star and planet is fainter than in the visible. Seach for "life" (as known on Earth) requires large bandwidth
observation so as to alow spedroscopy [1]. Achromatic Phase Shifters (APS) are aucia components snce they
govern destructive interference of the lightwaves coll eded from the star. The dfedive phase shiftsto perform between
colleded lightwaves depends on the instrumental configuration but the adromaticity of the phase shift is needed in any
case S0 asto achieve the nulli ng over the largest posshble spedra bandwidth, what is required for detedion of the planet
(signal to noiseratio) and for its gpedroscopic study as well.

Since several concepts have been devised for Achromatic Phase Shifting, it is important to consider them before
seleding the gpropriate devicein the framework of a nulling interferometry projed. Some of them are an extension of
concepts arealy used in opticd instrumentation, some others have been spedficdly devised for large bandwidth
nulling missions. Othersincidentally reveded applicable to the topic.

In this paper we report on various types of APSs, found in the literature. We recdl the general constraints to satisfy, the
underlying principle, and the aiticd points pertainingto their use over large bandwidths in the infrared thermal domain
for nulli ng interferometry.

The topic is considered in the framework of a space mission since the cnstraints to med are @vering the ones
encountered in ground-based nulling projeds, at the exception of the thermal background.

Basicdly two famili es of concepts are found in the literature : the ones using materials through which light is made to
travel, the othersusing mostly mirrors and properties of refledion.

In sedion 1 we recdl the mntext of use and the required performance and the related meaning of achromaticity.

In sedion 2 we describe the main concepts, in sedion 3, the state of the at is given and criticd points are delineaed in
sedion 4.

1. PHASE SHIFTING IN THE CONTEXT
1.1. The Context

In this paper we onsider the ase of a N-aperture spacebased interferometer. Actually the problem remains to perform
a given phase shift between a two-aperture interferometer. The targeted phase shifts depends on N and on  how the
colleded beams are mmbined to interfere. Expedable values of the targeted shift are mand 172 and any arbitrary
fradion of Tt A small departure from those values could be targeted for reasons external to the APS itself.

Typicdly (Earth-Sun) the ratio (flux from star)/(flux from planet) in thermal infrared is about 10"6, so the destructive
interference must rejed the light from the parent star at this level. Stating R = (colleded flux)/(non-rejeded light) to
quantitfy the rejedion, the context then requires R to be larger than 10"6.

As arealy mentioned, this performance must be atieved over the whole spedral domain of work. On DARWIN this
domain extends from 6 um to 18 um and could even be extended longward (H20 band ).

For some reasons (fiber optics and else) this domain could be splitted and covered piecewise. This would release the
congtraints on achromaticity but correlatively would increase the cmmplexity and weight of the recombining device



So that, splitting the spedral domain must be cnsidered at the latest stage of the dhain and adhromaticity over the
whoale bandwidth must be kept in mind as a prime goal.

Beside the need for the highest rejedion of the parent star, stands the need for the highest transmisson of the photons
from the planet. A transmission not lessthan 0.95is currently aimed at. This latter implies that both pdlarisations have
to be transmitted, in other words, that the nulling processis able to work in a dual-polarisation mode.

Be it for spacebased or for ground-based instrumentation, the misson context requires to take into acount the
coupling of APSs with the interferometric infrastructure. Though the APS's are considered for themselves and as
working with stabilised beams (pupill a position and beam diredion) this point is to be looked at in terms of "how a
given concept would be sensitive to departures from ided beams ?'.

1.2. Phase Shifting Requirements

Achieving agiven regjedion R at a given wavelength implies that several conditions must be satisfied by the interfering
lightwaves. These conditions regard the acaracy of the performed shift, the equality of intensities, the acaracy of the
alignment of polarisations, the stabili ty of opticd paths on ead beam.

1.2.1.General Constraints regarding Rejedion

The monochromatic intensity after recombination (residual intensity from nulling ) is given by the general and quite
famili ar expression, asused in [2]:

Lo =1 +1, +2.4/1,.1, .cos(rT + @) 1
where |; and |, are intensities on respedive beams, suffering from defeds mentionned above and where @ is an extra

phase resulting from unaccurate shift and opticd path misbalance Stating |, /1, =8 and |, =1, (the olleded
intensity on each beam), we write :

2B ., ¢
l.=1,.1+06)]1-—.1-—— 2
=oAL = 752020 @
and findly R=2.1,/1
From (2) and considering separately the defeds, we find that to maintain R = Riage We must restrict the phase defed @
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Looking at Riage = 10"6 We extrad some numericd estimates of constraints for eadt separate defed.
Phase shift departure must not exceed 10%(-3) radian, opticd paths must be stable & the nanometer level, ratio of

intensities must not depart from unity by more than 2.10"(-3) and pdarisation misalignment by @ (one lightwave to the
other) must be such that 8 <1072 rad.

Since defects are not likely to occur alone, those @nstraints have to be made more severe, as arule of thumb they have
to be scded by the number of defeds, or conversely the target rejedion hasto be scded up acordingly.

null

(with B=1) suchas @ <

1.2.2. Impact of Achromaticity

The oonstraints derived here eove ignore the wavelength. Achromaticity is obtained when rejedion remains larger or
equal to the target rejedion whatever the wavelength is (in the relevant spedral domain). A safe way to readh

adhromaticity is to reset the constraints given above with a majoration of the chromatic quantities ¢9 and [3, in other
words we state @=S1p,, (@(A)) and B=Sup,, (B(A)), where AA isthe working wavelength interval.
Fig. 1 illustrates the cae for a departure € with resped to the target phase shift and shows how severe can be this

choice up to make mandatory the splitting of the spedral interval. Another approadh, more tolerant, could be to use the

average of g(A) over AA.
Thus, the impad of achromaticity concerns either the setting of constraints for a given targeted rejedion or the
evaluation of the rejedion effedively achievable taking into aceunt the bandwidth.
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Fig. 1. An exemple of variation of the phase shift error €(A) versus the wavelength. The maximum error €
depends on the seleded spedral interval,and can be lowered by splitting the total interval in parts, each
having its own error profile and maximum error..

Another impad regards the assessment of performance of various APSs concepts and their comparison. In order to
quantify the achromaticity capability, a aiteria culd be the product (rejedion).(concerned bandwidth / total bandwidth)
that could be noted "achromatic rejedion criterium”.

1.2.3. Other Constraints

As adready mentioned constraints are set by the interfacewith the interferometer configuration in which unavoidable
unstabiliti es related to pdnting and to pupilla position have to be cnsidered. Another constraint regards the
wavefront quality, in other words aberrations that must be minimized, be it at the price of photons.

Also congtraints are set by the mission environment in flight (temperature, outgassing, ..) and before flight (thermal
cycles, vibrations). So that Robustnessand compadness have to be mnsidered. Actually those aspeds should not be the
concern of the APS designers but it must be kept in mind that the less ®nsitive to those unstabilit es, the better the
APSs concept.

2. EXAMPLESOF APSCONCEPTS
2.1. Tentative Clasdfication for APS's

In the framework of nulling interferometry, the various phase shifter concepts found in the literature can distributed in
famili es and splitting the list can be made from different points of view.

A first sorting regards absolute and differential concepts. The former shifts the phase of a wavelight on a unique beam,
while the other needs to ded with two beams and performs the phase shift at recombination. Such a distinction is not
redly relevant here since mmponents must be inserted on each beam at least to acaurately balancethe opticas paths.
Another digtinction regards the origin of the phase shift. Esentially we find concepts in which light travels through
opticd materials and concepts where light only sees mirrors. In the former case the phase shift processimplies that
opticd properties of material governs the shift, whilst in the other only properties of reflexion on mirrors are invol ved.
Eventhough mirror-only concepts might use some travel of light through materials, their opticd properties are not
governing the phase shift process

An additional distinction has to be made regarding the operating phase shift and regards the doice, discrete or
continuous, of the shift value. The cntinuous choice dlows seleding any fradion of 1t In this resped it does not
appeas as being that important since tand 172 seems to be the prime targets, but it might reved important espedally if
small offset from this values reveds necessary to achieve.

Finally APSs differs regarding the origin of achromaticity : intrinsic adwromaticity or compensated chromaticity. In the
former case the phase shift is "by nature" independant of wavelength whilst in the other achromaticity results from
competing effeds suitably dedt with.

2.2. Conceptsbased on Optical Propertiesof Materials

In this group we find classicd concepts, aready used in opticd engineaing and which performance must be made
suitable for nulling at high achromatic rejedion.



2.2.1. Fresnd's Rhombs

Fresnel's rhomb are rather standard components used to achieve a relative phase shift ¢ (generally 172) between s and
p pdarisations of the incident field. They rely on properties of total reflexion, described by Fresnel's formulae[3] what

involves the relative refradive index N=Num / Nyaeria + (iMPlying  n< 1) and the incidence B, of the beam.

The relative phase shift =@, —¢, isgiven by theformulae[3] :
cosf,.,/sin* 6, —-n’

=2 tan™
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This formulae @plies as Lon as the incidenceis larger than the limit incidenceset by SiNG,,, =1/N. The phase shift
isadromatic except that a wavelength dependancy remainsin "n" but works at second order. Besides, its variation
versus incidence has a maximum @, for 6, .

From proper choice of incidence and refradive index of the material a antinuous st of phase shifts, but gradient

0/ 00, increaseswhen 8, isnot located nea 8, ,,, , and tolerance on pointing reduces acordingly.

As suggested by Title & Rosenberg, 1981[4] aphase shift by 1tis achievable by coupling two regular Fresnel's rhombs
ead gvingaT1v2 relative phase shift for alinea polarisation at azmuth 45° (seeFig.2).

In anulling scheme with two beams, this couple is st on one am but some material must be inserted on the other arm
so0 asto balancethe opticd paths. However, only one diredion of polarisation would be then usable. A spedfic

arrangement (J. Gay, unpublished) is able to achieve & recombination, a 1t phase shift working with any polarisation
(hencein dual-polarisation mode). Fig.2 schematicadly summarizes the ammments given here dove.
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Fig. 2. Extreme left and center left : generic and frequent use of Fresnel's rhomb. Center right : cascading two
regular Fresnel's rhombs. Extreme right : the spedfic "orthogona" disposition for nulling in dual
polarisation mode.
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2.2.2.Composite or Twisted Rhombs

Espedally devised for nulling and to achieve adromatic phase shifts other than 1t or 172 (J. Gay, unpublished) this
concept is based on total reflexion. It uses, on ead intrerferometric am, a muple of isoscde prisms having urequal
refradive indexes and being assembled in such way that the lightwave mees successively two planes of incidence eah
perpendicular to the other . Such a "composite rhomb" or "twisted rhomb" makes this approach somewhat departing
from the Fresnel rhomb phase shifters.

When traveling through the prism the lightwave experiences a chromatic phase shift resulting from propagation in a
dispersive material to which is added an achromatic phase shift induced by total reflexion. This latter depends on the
polarisation of the incident wave.

This concept is differential and the final shift obtained at recombination is governed by the geometry of the rhombs (to
control bath incidence and pathlengths) and by proper choice of the refradive indexes of the two materials.

Fig.3 describes shematicdly the device Asreported in [2] the final phase shift ¢ is given by

¢ =gl-¢g2= %[(nl -n,).(d, —d,)] + (§0p1 T, — Py~ §0p2) ©)
where d; and d, are opticd pathsin respedive prisms, (/8 and similar, pertains to achromatic phase shifts for a given
polarisation and a given material.



As 20n as we have the same geometry for the two "rhombs’ (d;=d,), the dromatic terms mutually cancd. The
remaining terms are adromatic and their values are governed by the angles of incidence and by the refradive indexes
(ny and ny) acwording to Fresnel's formulaefor total reflexion [3].

By proper seledion of materials and incidences a given value of phase shift can in principle be adieved.

Only single polarisation mode is usable with this concept.

outp%ea'ns
Figure 3. Schematic description of the principle. Left : the two successive incidence planes in a rhomb are

made orthogonal (permutation of p and s polarisation). Right : deding with two beams and permutation of
materials from one rhomb to the other.

2.2.4. Birefringent Plates

Birefringent plates are coommonly used to dephase alinealy polarised quasi-monochromatic lighwave (quaterwaves
plates, halfwaves plates). In order to work with non-monochromatic light various devices have been devised and used
as "adromatic phase shifters’,[4], [5],[6].[7],[8].[9].[10],[11].

The basic principle, recdled in [2], isto use a cascade of retardation plates, so as to perform a sequence of polarisation
changes, each providing a chromatic phase shift. The net result, from competing oppaite dfeds, isa constructed quasi-
adromatic phase shift. The formalism of Jones' matrixes provides the dgebra of the process[7],[10]. The Poincaré
sphére [4], [5],[6] is a @mnvenient graphicd way to tadkle the principle : eat polarisation state is represented by a point
on the sphere and any polarisation change (including an achromatic change of the "geometric phase") is represented by
an arc over the sphere, the length of which is propartional to the phase change. In cas of a gyclic change the phase shift
is given by the solid angle subtending the drcuit. Unegual lengths from chromatic changes are dedt with in such a way
that, after a sequence of changes, the endpaint is not wavelength dependant (or nealy independant). Fig. 4 describes the
way Poincaré sphére is used and Fig.5 shows an arrangement of plates and the arresponding paths on the Poincaré
sphére.

Such arrangements, under the generic name "geometric phase gproadh” can be built from a set of usual retardation
plates given suitable orientations of neutral axis or from a set of espedally designed birefringent plates of various
materials, with definite thicknesses and orientations of neutral axis[7],[10].

This concept is absolute and alows achieving any value of phase shift with the caability of fine tuning. Its use on a
two-beam interferometer is posdsble [8],[9],[11]. Let us note that the birefringent approach does not allow working in
the dual-polarisation mode. A scheme might be devised to release this limitation but is apparently not publi shed.
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Fig.4. Schematic description of the use of the Poincaré sphére. Left : locaion of various polarisation states.
Center : relation between reutral axis and geometric phase shift. Right : exemple of a dose-path yielding

agiven phase shift ( 2.0 )with quarterwave and halfwave plates siitably oriented
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Fig.5 Examples of use of birefringent plates. Left : use of standard (A/4 and A/2) retardation plates [4].
Center : behaviour of chromatic phase dhanges ending at a unique point for al wavelengths. Right : use
of asequenceof dedicated plates (material and thicknesses) and orientations [7],[10].

To increase the bandwidth over which achromatism applies (or to make the shift more acarate) the number of plates
can be increased (more parameters to adjust the shift as achromatic) but thisis done & the expense of energy losses.

2.2.5. Digpersive Plates

This concept [12], [13], [14], uses a cacaded plates with different and competing dispersions dn/0A and through
which light is travelling. It is a mnvincing example of compensated chromatism : the goal is to achieve agloba opticd
path propartional to wavelength so as to compensate for the 1/wavelength dependancy of the phase shift induced by
travel through material. Asreported in [12] the expresson of OPD for a set of K platesindexed by k isgiven by :

— K
OPDQA) =dg+ 371 (ng(A) —1).dy (6)
where dy is the OPD when no plate is inserted, d¢ and ny respedively are the thickness and the refradive index of the
element number k. Being gven atarget value @ for the phase shift, the residual shift €(A) isexpressed by :

e(\) = ZLOPD() - 9= 2 [dg + 31 (M(A) Dyl - @ @

For agiven arm, after seleding the spedral range (A1 A,), the target value ¢, the number of plates K, and the materials
(giving the n), it is possble to find the deeper residua dwell, by the least square method applied on the di's. Actually
the parameter to minimizeis expressed by :
A
/2 2
F:Q2>Dl h <gl2>=_1 . )\2.)\

EE g where <¢ }\Z_M)J's()d (8)

1

and the processworks by getting the @ndition: dI'/dd, =0 to be satisfied for every k.

Fig.6 gives a andid description of the cascade. Actually in order to avoid problems of spurious light and to eliminates
sensitivity to beam unstabili es, abetter designis employed and relies on prismatic components.

A complete and updated description of the gpproach used by Bokhove and co-workers [12] is given in the paper by H.
Bokhove in these proceadings, to which the reader isinvited to refer.
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Fig. 6 : A candid description of the set-up using dispersive plates [12]. Left : sequence of plates on ead arm.
Right : fine tuning from thicknessadjustment by tilting plates.




2.3. Conceptsusing Properties of Refledion

By contrast with most of the cncepts mentioned in the preceeing sedion, the mirror-only approaches have been
devised for nulling experiments. They are based on intrinsicaly achromatic properties of the refledion of light. The
usual achromatic behaviour found when using mirrors has been the lealing ideafor their conception.

One gproad, (field reversal) is developped by Serabyn and co-workers [15], [16], [17], [18] the other (focus crossng)
is developped by Gay and co-workers from the @re processused in the Achromatic Interfero Coronagraph [19], [20],
[21].Detail s are given in the dedficated paper "the mirror approadh” in these proceadings by the present authors.

2.3.1 Eledric Field Vedor Reversal

The principle is based on the properties of light at refledion, showing unidenticd behaviours for the s and p
components of the dedric field of the incident light (s for perpendicular to incidence plane) : the s component
undergoes a dephasing by Ttat refledion and not the p component, as described by Fresnel'sformula[3] :

No ned to recdl the formulag since the point is that for the s component a minus sgn is present, or equivalently an
adhromatic phase shift by 1t

A sequence of refledions on a @uple of periscope-like set-ups is the basis to perform an achromatic Tephase shift
between two lightwaves. Asill ustrated in Fig. 7, this concept is differential and the targeted phase shift operates only at
recombination.

Fig. 7.Behaviour of polarisationsin the field reversal concept. Left : the basic process
Right : arrangement of refledions leading to oppaite polarisations of each type, before recombination [18]

Actually this concept is not simply a phase shifter but also includes the recombination scheme, which provides two
nulled outputs. The functional description of this approach can be graphicdly summarized as down in Fig.8
(congtructive output are not showed). In Fig. 8 aso appeas the recmbination set-up designed to be fully symmetric
and so to avoid degradation of nulling efficiency caused by beamsplitters [18]. On ead beam, lightwave experiences
the same set of interadions with the non-symmetric beamsplitters BS1 and BS2, placed in reverse paositions.

This concept, by nature, seems to be limited to a 1t phase shift. However, recent work by Tavrov et co-workers[23] has
shown that a 7v2 adhromatic phase shift is achievable by an "out-of-plane” configuration
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Fig. 8. Recombination scheme. Left : the functional processEach incoming beam meds a beamsplitter (BS) which
deliversarefleded part and atransmitted part. The set-up is made to simultaneoudly mix refleded, transmitted, A and B
contributions as shown. Right : A global schematic view of the set-up.



2.3.2. Focus Crossng

This concept uses an intrinsicaly-achromatic goproach, with a mirrors-only set-up. It is intended to provide afixed
phase shift which can be ather Ttor W2 depending on the seleded design. Though it can work as an individual phase
shifter on a single beam, the dephasing processis inserted in arecombining scheme yielding two nulled outputs.

The principle is based on an achromatic property of light : alightwave aosdng a focus experiences a phase shift by 1t
whatever the wavelength. Inserting an additional focus along one am of the interferometer results in a final phase
difference of 1tbetween the interfering lightwaves, as oon asthe opticd path differenceis made zeo.

This phase shift property is reputed to work in atwo steps process ead providing a 172 phase shift and bah located at
focus. It is posshle to spatialy separate the two steps © as to end up with a 172 phase shift when the second step is
reeded at infinity. This latter phase shift mode can be performed by using cylindricd optics. The basic set-up is
schematicaly described in Fig. 9.

Pupill a ae dedt with so as to control suitable positioning at recombination. Thanks to symmetry properties of the set-
up, the system remains an afocd device with unit magnificaion. A double beamsplitter-pass recombination scheme
alows avoiding problems with beamsplitters (seeFig. 9). Such arecmmbiner basicdly reproduces the architedure of the
Achromatic Interfero Coronograph [19], [20], [21].

Depending on the recombination scheme, the need for a phase shift by 172 appeas. For example, and taking into
acount a W2 phase shift inserted between transmitted and refleded waves at a beamsplitter, a design using division of
wavefront (collimator and mask) and a beamsplitter to recombine the beams would not require an APS shifting the
phase by 11, but by 172 instead.

The focus crossgng approach can be designed to provide éther of these values. Fig. 10ill ustrates that point.

Note that the need for a 172 phase shift is not cancdled by the recombination scheme since two outputs have to be
mixed. More detail s on this concepts are given in the paper "The mirror approach” in these proceeadings by the present

authors.
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Fig.9. Left : Schematic of the basic set-up for APS based on focus-crossing. An extra-focus is inserted in one
arm of the interferometric combiner, by means of a cd's eye made of curved mirrors, thus yeilding an
achromatic phase shift of 1t. In the other arm, an opticd train made of flat mirrors affords the opticd path
balance Right : The recombination set-up, with double passthrough reversed beamsplitters (coating first
sean or substrate first seen)

Fig. 10. Two recombination schemes using beams from spatially separated ampli tudes.
Left : APS with 1t phase shift neaded. Right : APS with 172 phase shift is needed.

2.4. Miscdlaneous: Use of Holographic Gratings and Emerging Tednologies

2.4.1. Holographic Gratings

This type of APS, developped by George & Stone, 1988[23], provides a chosen arbitrary phase shift. Eventhouch light
travels through materia (transmission gratings), the origin of the phase shift isa diffradion process



The light travelling through a sequence of 3 holographics gratings suitably configured (see Fig. 11), experiences a
phase shift which consists of a chromatic part (opticd path) and an achromatic part which is induced by a controled
trandation x, of the central grating, perpendicular to the propagation axis. When used in differential mode (one triplet
on ead interferometric am) the chromatic terms in ead interfering arms mutually cancd. The opticd path is built
from proper seledion of diffracion orders along which propagation is driven. The sequence of diffradion effects is
described in Fig.11

As derived in [23] , the phase shift at output can be written ®(A) =@, (%) T@(A) where the last term is
governed by opticd path. When opticd paths for A and B are made eua, the final phase shift is

CD(A) = (pachrom (XOA) - (pachrom (XOB )

(n
spadng : p/2

g

Fig. x. Left : the basic configuration for making a phase shift depending on X,. Right : Using the basic
configuration in differential mode to obtain an achromatic phase difference between lightwaves from
beans A and B. Note the different spatial period for the central gratings.

This concept is not adapted to work in dual-pdarisation mode since polarisations are not treaed the same (at least for
transmission) what tends to lower the nulling efficiency. Besides, results reved unadeguate in our context [23].

2.4.2. Emerging Techndogies

Besides rather conventional concepts, some new approaches are emerging relying on spedfic techniques used in other
fields : birefringence of form (also named sub-A gratings or Zero-Order-Gratings) [24], integrated opics [25],
multil ayer coating [26]. Those gproaches, more or lessmature and more or lessfitting the phase shift requirements,
could prove to be dternative ways beside the various APS concepts mentioned in the preceeling sedions.

3. STATE OF THE ART

Dispersive plates, birefringent plates, holographic gratings, field reversal, focus crossng have been used asred devices.
Relevant regjedion measurements are available except for the last one. As far as we know, best results have been
obtained with dispersive plates et with field reversal. Birefringence yielded 17000in the visible but at the price of poar
transmission [11]. Demonstrated rejedion with dispersive plates : 10"4 over 0.4-0.7microns [12], uptdated performance
is given in H. Bokhove's talk (these procealings). Demonstrated rejedion with field reversal :  greder than 10M4,
visible, 18% bandwidth [17], 17000 , thermal infrared laser diode, 9000 therma infrared (Serabyn, private
communicdion). Numericd simulations yielded 7.10™ over 0.4 — 1micron [delft] and 10°5 over 7 —17 microns [14]

4, CRITICAL POINTS

For all presented concepts of APSs opticd aberrations must be diminated or reduced since regjedion is gnsitive to
phase defeds within the pupill a & the recombination step. The use of spatia filtering, including monomode optic fibers
can achieve such a arredion but at the price of loosing photons or of reduced adhromaticity. Also, avail ability of
fibers usable in the thermal infrared damain yet remains nowadays a serious issue.

For APS using properties of materials severa issues have to be considered : photon losses at surfages (Fresnel's losses),
multiple refledions (losses and rejedion degradation), severe opticd quality (difficulty depending on the used
material). The main concern remains availability of suitable materials for the infrared thermal domain (spedra
transmission, easy machining, homogeneity, avail able volume) and the predse knowledge of their opticd properties (at
leest longward of 12 microns).



For APS using reflection on mirrors take alvantage of their natural achromatism. Identified criticd points essentially
are : severe opticd quality, pathlengths adjustment and stability (difficulty induced by bulky architedure), spurious
polarisation effeds (reflecion on metals) and fixed (not tunable) discrete phase shifts val ues.
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