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A GEMERALIZEP NETWORK REPRESENTATION 

OF TWIST-REfLECTORS 

L. REBUFFI 

A general network representation of different kinds of Twist-Reflector 
(T-H.) is presented. 
By lean of a TH- and TE-type nodal representation of the fields, using 
a double equivalent circuit it is possible to desc ibe a strip, 
parallel plate or corrugated surface T.E. . 
Modal reflection coefficients p and r" are derived starting from 
Harcuvitz formulations [1] and adapting t'.em to different tested 
mirrors. 
Theoretic-empirical circuit parameters are thus deduced to satisfy 
the two basic conditions for an optimal design. 
The strip and the plate thickness is considered to be finite, 
thus reducing the degree of approximation. 
Using this model, predicted theorical values for the reflector 
efficiency are in close agreement with experimental results, thus 
permitting a correct design of different kinds of Twist-Reflector. 
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1. IHTgOOBCTION 

The Twist-Reflector, a mirror which tiun at reflection the 
polarization of an incident wave, was previously described by silver 
[2] for conventional and Cassegra:.n reflector Antennas. 
A first network approach on T.R. has been done by Hanfling et al. [3], 
where they gave the two conditions for an optimal design. Up to that 
moment the T.R.s were made of parallel metallic wires or strips on a 
dielectric covering a metallic surface,or of parallel metallic plates 
perpendicular to a conducting surface. Later, a new kind of T.R., an 
all metal corrugated surface, has been developed [4] using a 
spectral-iteration technique. 
The utilization of these polarizer in ECSH experiments on tokamak 
plasmas, to convert an Ordinary Wave into an Extraordinary Have, 
transferred the use of these mirrors in the millimiter wave range 
[5],[6],[7],[8], thus asking for an increase in the precision. 
Infact, up to now the approximations introduced in the design, led to 
a sensible difference between the tbeorical and experimental 
suppression ratio ( E rotated/E non rotated). 
A great improvement in the precision could be obtained, in considering 
the finite thickness of the metallic plates. That is the reason why in 
this work-we try to consider all the real dimensions of the structure, 
even if this leads to a rather lengthy formulation. Besides, we try to 
give a unique network scheme for different kinds of polarizing 
mirrors. 
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2. GEHERALITIES ON TWIST-REFLECTORS 

We will consider three kinds of Twist-Reflector. They consist of: 
-i) a set of thin metallic strips or wires placed on top of a 
dielectric substrate about A/<i thick covering a conducting plane. 
-ii) thin metallic plates spaced less than A/2 and about A/4 deep over 
a conducting plane. 
-iii) a conducting corrugated surface, where grooves have the sane 
dimensions as corrugations: about A/4 deep and less than A/2 wide. T.ie 
basic working principle of a T.R. is the following: a plane wave 
parallely polarized with respect to the grooves will be prevalently 
reflected by the outer surface of the polarizer ( as the periodicity 
is less than A,it is in cut-off) while a perpendicularly polarized 
wave will propagate almost entirely in the structure and be reflected 
at the end of the grooves, which results in a differential phase delay 
corresponding to twice the groove depth. If the incident field is 
polarized at 45° with respect to the grooves direction, the parallel 
and perpendicular components will have equal amplitudes and phases: a 
phase difference of 180 is produced by a groove depth of about A/4. 
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3 . THEORETICAL BASTS OF THE CORRUPTED SlIRFACE TWIST-REFLECTOR 

To determine the scattering properties of the T.R., and to compute the 

geometrical parameters of the grating which gives the best conversion, 

a description of the structure in terns of equivalent circuits is 

necessary. 131,1$}. 

In a "ie,y,z" rectangular and '9,t,z* spherical coordinate systems, as 

in fig. 1, we consider an incident electric field vector 

£.L = (£**: *£,,/.,£, a) e,Kf> (-^ K; £ ) : Et'Êj (H ) 

and its propagation vector 

We must determine the reflected field vectorJ^, imposing the boundary 

condition for the tangential field on the mirror surface. In this 

system, e is the angle of incidence, and • is the grating orientation 

measured between the direction of periodicity and the plane of 

incidence. 

In our formulation we will uss the following parameters: 

a= period of the grating 

d= distance between two metallic 3trips 

s= top-bottom mirror depth 

h= free-space wavelength 

8= angle of incidence of the wave on the surface 

\g= \/cose = \'g 

ï = free space characteristic admittance = /(e„/«„) = 1/2 

1- distance between two planes of reference T and T' or T" 

o= finite thickness of the metallic stripes over the dielectric 

t = dielectric constant of the medium 

t= a-d= finite thickness of the metallic strips 

a= d/a 

3= definite mirror depth 

looking at the grating surface as open waveguides with "i" as axial 

direction, the total electromagnetic field can be represented in terms 

of two uncoupled scalar function, each of which satisfies the wave 



equation [10]. It is possible to classify nodes on such scalar basis. 
In our case we can define: 

Ey=0 < TE-type mode 
Hy=0 * TM type-mode 

These modes constitue a complete set of orthonormal vector modes and 
remain decoupled at the reflection. 
For these TE- and TM-type modes, it possible to develop the eigenvalue 
problem. The vectors transverse (to "z") field equations for a 
waveguide in absence of sources, are [l]i 

where, for rectangular coordinates, 
It is the transverse unit dyadic x 0x 0 +y0yfl 

t is the transverse gradient operator x_2_ n.y„ -2-
'SK " ^Y iig.iXg.i2,. are unit vectors 

k is the free space wave number = 2&/A 

The following expansion of the transverse field component on the basis 
of orthonormal vector mode functions e', e" and h', h", allows 
a description of free space fields in presence of a discontinuity. 

£t>- (*,Y, ») = V(7a)a' f*,y) * Vi"te) £(«, y) 

This single node representation is accurate for grid spacing where no 
higher order space harmonics exist: i.e. for a << \ 
Upon substitution of (3) into <2>, it is possible to identify v^tz) 
and l v(z) as the modal voltages and currents: 

http://iig.iXg.i2
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where R ? is the modal wave number for propagation along z, and Zc=1/ïi 

is the modal characteristic impedance. 

The vector eigenvalue problem for the transverse mode function is 

Y' may be defined as 

so that 

(S) K* J ~ — 

1 K* 1 ~ — 
These relations can be written in the following forms: 

For the TM-type modes (hy»'= 0) 

P< - _ _ i ^ * V 
" ' X 1 - KV - a ^ ^ r 

Z' may be defined as 

K» <^£ 
so that 

h* = - t y 

For the TE-type mode (e Y" =0) 

u - . _ j 3%; 
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Upon substitution of (4) in (3), using (6) and (71 and introducing the 

normalization factor /a (a= period of the structure) we obtain the 

modal voltage amplitudes fcr the incident free space fields 

Calling the modal reflection coefficient I" and r" (they will be 

derived later from transmission line equivalent circuit parameters), 

the f.\elds reflected from the T.R. can be written: 

E-tr = r"iïc»)ê' * rwswg/ 
P 

tl.. 
Z' - z" "" 

Substituing (S) in (9) we have 

L Z. K 4 - «•? Z" l Ke- K y

l U 



The total scattered field is determined by adding the axial field E 

to the transverse field E , «here E is obtained froo the components 

of H . 

Converting this total scattered fields into spherical coordinates we 

obtain: 

• (fi* V'jL. C « î * + £»'r''.*ÇJSâ—..JCf*^ -r 

<W 
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4. TWIST-RSrr.ECTOR OPTIMDH TESIGN MNDITIOHS 

Knowing the incident and the scattered (10) fields, it is possible to 
derive the two fundamental T.K. design conditions for an optimum twist 
polarizer. 
The T.R. should rotate the polarization from the plane e ei of 
incidence by 90°, i.e. in the *0T direction. 
Letting E#. =1 and E>.=0 the scattered field (10) becomes: 

(u) 

To optimize the polarization rotation, E ^ should be minimized and E^r 

maximized. For a given 8;, it i3 possible to variate r',r" and the 
grating orientation . The optimum is achieved when E^is reduced to 
zero. This happens when i.""/r')secJ8 is real and equal to -tan2*. 
Since the surface is reactive |r"/r'|=1. 
In this case the two conditions for perfect conversion are 

Tt*<fi z Sec-9" (13) 

L. = -i. LU) 

The grating orientation (•) as a function of the angle of incidence 
(6) necessary for a perfect twisting is shown in fig. 2. As we can 
see, due to the slowly varying condition (13), a T.R. designed foi 
normal incidence (3=0) should work well even if the incidence is not 
exactly perpendicular to the surface. 
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5. THE EODIVALEHT CIRCUIT AHALYSIS 

The strips on dieiectric and the parallel plates T.R.s have been 
analyzed by Hanfling et al. [3] using electrical networks. These T.R.s 
have been represented by a capacitive equivalent circuit for the 
TE-type mode and an inductive network for the TM-type mode. [1],[3]. 
The relative circuit parameters are obtained from Marcuvitz [1] 
supposing négligeable the plate thickness. 
This approximation leads to a certain difference between theoretical 
and experimental values. 
The Corrugated Surface T.R. has only been analyzed with a Spectral-
Iteration Technique [4]. 
We want now to find a unique network representation for the three 
kinds of mirror, considering at the same time the metallic strips as 
being of finite thickness to reduce approximations. 
We start applying a general network representation to a generic T.R.. 
From the network schemes in Marcuvitz [1], we will try to adjust 
these networks and the relative circuit parameters to net the 
experimental results of different polarizers presented in the 
literature [3],[4],[5],[6],[11]. 
The network representation has been checked on seven different T.R.s 
of the three kinds. The agreement beetween our theoretic-empirical 
network representation and the experimental values for the suppression 
ratio (E rotated / E non rotated) is on the average of 1 dB over about 
20 dB, as shown in table 1. We have also to take into account that the 
errors in the measurements are usually of the order of 1 dB. 



kind Kef !/» d/A a/A e° • ' A Experim. Computed 
Of mm Suppr. Suppr. 

T.F. Ratio dB Ratio dfi 

I l l l | l [ ' ] 0.261 0.261 0.280 0 45 10.71 11-19 16.7 

111111 m 0.329 

0.250 

0.216 

0.237 

0.280 

0.30 

0.247 

0.327 

0.60 

55 

0 

5 

60 

45 

45 

unknown 

10.71 

35.29 

13 

20-22 

45 

12.9 

20.1 

45.1 

11 il n rs i 

0.329 

0.250 

0.216 

0.237 

0.280 

0.30 

0.247 

0.327 

0.60 

55 

0 

5 

60 

45 

45 

unknown 

10.71 

35.29 

13 

20-22 

45 

12.9 

20.1 

45.1 VMW 

0.329 

0.250 

0.216 

0.237 

0.280 

0.30 

0.247 

0.327 

0.60 

55 

0 

5 

60 

45 

45 

unknown 

10.71 

35.29 

13 

20-22 

45 

12.9 

20.1 

45.1 

VMW 0.250 0.333 0.667 0 45 10.71 19.5 22.3 

rarara[ii] o.25o 0.250 0.50 10 45 5.00 18 18.6 

ftffia rsi 0.164 
IK =0.01 

0.114 0.228 64 66 unknown 19 18.1 
E r=2.57 a 

0.164 
IK =0.01 

0.114 0.228 64 66 unknown 19 18.1 

y 
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6. THE ELECTRICAL HETWORKS 

The computation of the reflection coefficients is rather lengthy, 

They are defined as: 

r'- y ' - y i 
y - ru 

and 

y * r„ 

where y and Ï" are the characteristic admittance of the wave for TM-

and TE-type mode respectively, while 1'L and y"^ are the respective 

characteristic admittances of the load. 
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6.1 TE-TYPE MODE CAPACITIVE EQUIVALENT CIRCUIT 

For a TE-type node the E field is parallel to the periodicity. The t 
three kinds of T.R. are showed in fig. 3 a,b,c. To give the network [ 
representation for this node, we consider first the equivalent 
waveguide representation of fig. 4 where the two terainal planes T and 
T" have a distance '1" which has been chosen to met the experimental 
results. It is hence possible to describe the TE-type mode equivalent 
circuit as in fig.5. The relative circuit parameters are the ' 
followings: 

B„" -~ a t . = A. Tov, f *p cos &•! 
y. d L A J 

£ IL -.s-fz;—. , 
ya d" s.;*<[ tir ts -<r+L\ t ^ p j 

y 

B : — *.". » 
V. d si* I" V"* coifj 



6.2 TM-TYPE MODE INDDCTIVE EQUIVALENT CIRCUIT 

For a TM-type mode the E field is perpendicular to the periodicity as 
in figs. 6 a,b,c. The equivalent waveguide representation is shown in 
fig. 7. For the TM-type mode equivalent circuit in fig. 8 the circuit 
parameters are the followings: 

«» %'{I-{^.-Y-.Hv<s-°'f^}} 

B«i -> U. -. XL \U . 
% y„ -s.'vtl zv(s-<y-i.) CQX9-z-n Ls-Q'-t) co*9- 7 

&d 

y 
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6.3 THE CIRCUIT PARAMETERS 

In order to reproduce with our formulation the experimental 
suppression ratio values, we have examinated seven different 
Twist-Reflectors. 
The introduction in the formulae of a fictive terminal planes distance 
"1" , and the fact of keeping into account the effects of a finite 
thickness of the plates, permits to obtain a good fit of experimental 
results. Rather surprisingly we found for each of the two cases (d/a < 
1 and d/a * 1 ), similar values of the empirical coefficients. Here we 
will give an averaged value of these coefficients. 

For d/a < 1 (corrugated surface and strip on dielectric T.H.s) holds 

«.- — — I T 4 - • * • « « 

Y* A a l L 4**W-*/ J 4 f t ' - c 1 

± - %, = ±L à. -f.?s [A - es* (Ml 
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and 

AI A - i - - ^ ••»" -us- -i i g51 -i •.&. ^H'/ad \ A , ^ - i 

For 1- d/a « 1 < thin parallel «etallic plates perpendicular to the 
conducting surface T.R.) holds: 

0- A „ j - - ^ — -C7.7A.3A-

Ya A , I. L ** I -*-*; r 

with 

A £ 0 = i i X v , 4 ^ Uaih + 1. *iSfcL\-l 11/ 

4-+ 
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6.4 IBE REFLECTION COEFFICIENTS I" AND f 

We define: 

b»>= ±. + J. 

be • B«" * B: 

BJ' a1; 
From the network representation we can find for the TM mode: 

y L • - i »><• - * b -
with 

Y y 
we find 

y' + y,. < - 4 B , - ^ B d 

for the TE node: 

with 

we find 

rz r-r„ . iz&iàh-.rcsj,*) us) 
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7. TWIST-REFLECTOR DESIGN 

For the T.R. design the geometrical condition (13) is the easiest to 
net. Infact, knowing the angle of incidence 9 of the wave on the 
mirror, we can directely £i..a the orientation of the periodicity * as 
shown in fig. 2. 
Imposing the angle of incidence, only the periodicity of the grating 
"a" and its depth "s" have to be chosen in order to met the r'/l" =-1 
condition. 
Therefore, solving (12) using (14) and (15) we obtain the real 
expression: 

I*(** + &j) •(&!-&,) *o (**>) 

Choosing the periodicity "a" ( with d < A/2 ) of the structure with 
the help of the (16) it is possible to find the optimum depth *s" of 
the structure for an optimum rotation of the polarization. 
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7.1 CHOICE OF PLATES (OR CORRUGATIONS) WIDTH AND PERIODICITÏ 

To choose appropriately the width and the periodicity of the plates 

(or of the corrugations) it is not necessary to consider the who s 

Twist-Reflector network scheae. Actually it is sufficient to consider 

the problem of wave transmission through a metallic plates gratin?. To 

semylify the computation, a good approximation is to suppose the 

grating made of zero thickness metallic plates, without any dielectric 

support. As from Auton [12] w ran schematize this system with the 

equivalent circuit of fig. 9. Taking "d" as the grid period, for an 

incident electric vector perpendicular to the plates we have from 

Harcuvitz [1] : 

iiïïb 
For an electric vector parallel to the plates we have: 

•*• 

where : 

Q- l 

and z is the impedance in the vacuum. 

The total impedance of the grid equivalent circuit is: 

2>z. 

(A?) 

da) 
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From transoisjion line theory, the voltage reflection •-efficient is: 

Therefore, the power transmission coefficient, defined as the ratio of 
the transmitted power to the incident power is: 

T -- i- I « T I ' 
where U J is the modulus of the complex number R r . 
Substituing eqs (17) and (18) in (19) we obtain the power transmission 
coefficients for an electric field perpendicular and parallel to the 
grating 

T, - * 1 ZJ( 

n = 4i zii 
^ 12**| * i-

A useful parameter is also the degree of polarization of the 
transmitted wave. It is given by: 

Pz I •]• ~ T / , 

The variations of T*- , T// and P with the period "a" of the structure, 
for different values of the plates width/period (d/a) ratio are 
plotted respectively in figs. 10,11 and 12. 
we can see that even using a large period respect to the wavelength 
and a "d/a" ratio of 0.5 (half of the grating surface covered by 
strips), the transmission coefficient for the perpendicular electric 
field is very high (» 904), while the parallel field propagates only 
in a small percentage (*10t). When the wavelength "A" is large with 
respect to the periodicity, the optimization of "d/a" makes few 
difference, and almost all the power is transmitted. He can think that 
in this case the structure tends to behave like a diffraction grating. 
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On the contrary for small wavelengths the structure tends to follow 
the principle of geometrical optic, reflecting all the power. Half 
way, the parallel eletric field is almost completly reflected by the 
cut-off, and the perpendicular electric field can propagate in a large 
percentage. 
We can think that the perpendicular component of the incident E field 
propagating between the plates or in the corrugations of a T.R., 
follows the same principle . The low efficiency of the laminated T,R. 
of Ref. [5] and [3] is therefore explainable. These structures have a 
d/a « 0.35-0.95 and a A/a « 3-4. From fig. 12 we see that the degree 
of polarization is very high, but the transmission coefficient for the 
perpendicular component is very low. Therefore a discrete amount of 
the perpendicular E field component is reflected on the top of the 
T.R., thus reducing the efficiency of the device. 
A good T.R. design critérium is to optimize at the same tine the 
degree of polarization and the transmission of the perpendicular 
electric field component into the grating. For usual T.R. the K/a. 
ratio can be limited by mechanical constrains (for small wavelengths 
of few mm is not easy to make corrugations). Therefore as optimized 
values for the d/a ratio we can choose 0.5 . As demonstrated by the 
CSTR, this value permits a high suppression ratio. 
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CONnLPBION 

We have found a unique general network scheme to represent different 
kinds of Twist-Reflector (strip on dielectric, parallel plate, 
corrugated surface T.R.s), using the TH- and TB-typs nodal fields 
representation. 
Me started adapting the network formulation given in Marcuvitz [1] and 
Hanfling et al. [3J to a generic grating. To obtain the best fit of 
experimental results of the seven different T.R.s taken into 
consideration, we took a finite thickness of the metallic plates and 
we introduced an empirical distance between two terminal planes of the 
network. We have fcr.. that this fictive modification of the depth of 
the grating is adaptable to all the considered T.R.s and strongly 
contributes to reproduce, with a good precision, the experimental 
results. Dsing this equivalent circuit method.it is possible to 
optimize the design of a Twist-Reflector in all its geometrical 
parameters, obtaining a high theorical suppression ratio. 

http://method.it
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APPENDIX 

A modified Twist-Reflector could be used to convert a linearly 
polarized wave into an elliptically polarized one. 
A new scheme for ECRH in tokamak plasmas [13] foresee the launch of an 
elliptically polarized wave into the tokamak. As the microwave power 
is usually carried close to the tokamak by oversized circular 
waveguides in an almost linear mode (TE ( | or HE 1 1),a polarization 
conversion is necessary. Doane proposed and tested successfully in PLT 
a squeezed waveguide [14] to -hange the polarization. A more flexible 
choice in the ellipticity could be obtained using an adapted 
Twist-Heflector. As proposed in a faseability study for ECRH in JET 
[15], a variable degree of ellipticity can be obtained using a 
corrugated surface polarizer. Changing the grating orientation it 
should be possible to control the amplitude ratio of the two component 
of the electric field (E// and E-4. A moving base should allow 
variations of the corrugation depth and hence of the phase difference 
between the two components. With this system it should be possible to 
obtain every kind of ellipticity, starting from a linearly polarized 
wave. The change in the corrugation depth and/or direction, could be 
done in a small time, allowing a fast variation of the ellipticity 
during the microwave pulse. 
Once defined the ellipticity of the wave, the polarizer could be 
designed starting from the scattered fields of eqs (11). Appropriate 
new conditions should be imposed on Eg>£ and E ^ f to obtain the desired 
polarization. Applying the described network analysis, it should be 
possible to compute the optimal value of * and s (corrugation depth) 
to obtain the wanted ellipticif.. 
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FtOPRE CAPTIONS 

Fig. 1 corrugated surface Twist Reflector scheme and reference system 
Fig. 2 Grating orientation (•! as a function of the angle of 

incidence (e) necessary for perfect 90" twisting of the 
polarization 

Fig. 3 Stips on metal (a), strips on dielectric (b) and metal 
corrugated surface (c) schemes for the TE-type mode 
representation 

Fig. 4 TE-type mode equivalent waveguide representation 
Fig. 5 TE-type mode capacitive equivalent circuit 
Fig. 6 Strips on metal (a), strips on dielectric (b) and metal 

corrugated surface (c) schemes for the TM-type mode 
representation 

Fig. 7 TM-type mode equivalent waveguide representation 
Fig. 8 TM-type mode inductive equivalent circuit 
Fig. 9 Metallic plates grating scheme and equivalent circuit 
Fig. 10 Transmission coefficient for perpendicular polarization 

through a metallic plates grating 
Fig. 11 Transmission coefficient for parallel polarization through 

a metallic plates grating 
Fig, 12 Degree of polarization for transmission through a metallic 

plates grating 
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