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Abstract—Variable polarization compensation has been plications can enjoy benefits like those being gained at optical
demonstrated at 100 GHz. The device consists of two interlocking wavelengths, such as increased capacity in long span fiber op-
V-groove artificial dielectric gratings that produce a birefringence tics from the elimination of polarization mode dispersion [7],

that varies with the separation distance. A maximum retardance of d th f polarizati di it di iable |
74 ° has been obtained experimentally in a silicon device, in good Gl € USE O polanzaton as a Civersity or coding variabie in

agreement with rigorous coupled-wave computer simulations. COmmunications systems [8]-[10]. Variable polarization com-
Further simulations predict that adding quarter wave dielectric  pensators are well known in classical optics [11], where the
antireflection (AR) coatings to the outer surfaces of the device can polarization is varied by altering the path length through a
reduce the insertion loss to below 4 dB. The use of rectangular gy o4 pirefringence crystal such as calcite, or electrically al-
grooved gratings provides increased retardance and reduced IOSS'terin the birefringence of a fixed thickness of a crystal such
It is predicted that a coupled device with a rectangular grooved _g_ ) 9 ] . y
gratings will be Capab|e of maximum retardance in excess of 180 as ||th|um n|0bate. These matenals are not SUItable for use at
with low insertion loss (<0.6 dB). The sensitivity of the wave millimeter and submillimeter wavelengths, currently leaving
retardation as a function of mechanical separation has a peak only the cumbersome approach of beam-splitters and variable
value of 485/mm. The design and micromachining fabrication  yg|ay |ines. However, subwavelength artificial dielectric grat-
techniques scale for operation at submillimeter wavelengths. . L S -
ings can be made to exhibit strong birefringence, providing a
Index Terms—Anisotropic media, birefringence, compensation, fast, compact and low-cost alternative to devices such as box
\r/'i‘(';‘gsmec‘)fg‘r'ir;'ggénmE;gvn‘fﬁ‘l’iﬁqggf‘;‘gfer";e”\fée?'”'meter wave de- yrisms in communications and instrumentation applications.
P ' ' Artificial dielectrics are best known for their antireflection
(AR) properties, both in the visible [12]-[14] and at millimeter
I. INTRODUCTION and submillimeter wavelengths [15], [16]. The variable artifi-
HERE is a rapidly growing interest in using miIIimeterC'aI dlelet(;trlcr:et?r?er (VAD_R) d1e7V|cedV\_/a§[_ r:acently proiJoied
and submillimeter wavelength systems for a variety ruseat ?rz ?r: zdreq_uepmeg[ . ]lan f nitia ??(pen;nfonosGaHve
applications, such as near- and far-field imaging [1], [2], co _e8mon.fhra ed the z\"cf sdpr|n0|p$ 0 tcépga lon & z
munications [3], spectroscopy [4], and investigation of physic I],t\m ameasured re ?r tﬁnce ohup : : i devaluati
phenomena [5]. Additionally, micromachined structures are 0; nihis paper, we presenta thorough explanation and evaiuation
the investigation of the VADR device. New measurement data

increasing importance in optics [6]. Aspects of polarization . . . . .
control must be addressed for many of these applications; wh ncluded, showing the wide bandwidih of the VADR device,

efficient polarization control, millimeter and submillimeter ap- ue to_the deep subwavelength fegtureg emp_oned. Further
simulations have been performed to investigate improvements.

The addition of quarter-wave dielectric AR coatings to the
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— TM ©TE whereF'(z) is the fill factor of the structure at depth For the
s+d silicon ng VADR device shown in Fig. 1, in the region of the grooves, the
fill factor is
d
S 1-2, for0<z<s
air n, F(z)= 1-3 fors < z<d (2
=0 silicon ng 1-2% ford<z<s+d

> k > A " In the unpatterned substraf&z) = 1 sonrg = nry = ns,
and in the air outside the devi¢&z) = 0 sonrg = nyayr = 1.

: o Note that in the region of the grooves (1) gives rise to unequal
propagation direction TE and TM refractive indexes, hence, the birefringence property
Fig. 1. Variable artificial dielectric retarder (VADR) device in cross sectiont.hat IS dgswgd. .
The device is made from two V-grooved substrates with refractive imdex Th_e birefringence of the VADR device can b? calculated ap-
groove depthl, groove period\ (grating vectoik), and separatios. proximately as follows. The averaged propagation constant that

is used to determine the device’s phase shift in each region is
[I. INVESTIGATION OF THEVADR

We investigated the properties of a silicon VADR device at I — ko /n(z)dz ()
100 GHz, both theoretically and experimentally. In the first part ’ v—U

of this section, the operation of the VADR device is explained “

using an effective medium theory (EMT). Due to the limitawherev andu define the boundaries of the portion of the artifi-
tions of the EMT analysis, the use of a numerical technique dial dielectric concerned, arig is propagation constant of free
required for comparison to the experiment. In the second pgfiace. Wher < d the overall phase retardanEebetween the
of this section, the fabrication of the VADR device using corfM and TE polarized electric fields can be calculated to be
ventional silicon micromachining techniques is described, along

with the free-space measurement setup at 100 GHz and theexzy(s) = (ki 2 — k) s+ (KT} — kIF) (d - s)

perimental procedure. n (kdﬂ\id _ deE+d) s )

A. Theoretical by accumulating the differential phase shifts in the three regions

The geometry of the silicon VADR device is shown in thef (2).
cross section of Fig. 1, for the case where the two identicalEven in this most simple form, the analysis still captures the
interlocking subwavelength gratings on the interior surfaces asgsence of the device’s operation. When the plates are fully in-
of the V-groove form. The V-groove nature of the grating is naerlocked, there is no birefringence because the device is effec-
essential, noristhe substrate material; we have studied the siliggsly a uniform slab of dielectric. As the plates are separated, an
V-groove grating device because of silicon’s high refractivgir gap is introduced between the two sets of grooves, allowing
index (n, = 3.42) and the convenience in fabrication affordeghe artificial dielectric gratings to emerge. The total birefrin-
by conventional silicon bulk micromachining techniques. Thgence of the device increases with the plate separation distance
transverse electric (TE) and transverse magnetic (TM) electfibecause the total apparent thickness of the artificial dielec-
field directions are defined with respect to the grating vect@ic layers increases, allowing the wave to accumulate a greater
k, s is the separation between the platés,is the period phase delay between its components.
andd is the groove depth. For the device investigated here,An improved model that treats the device as a Fabry-Pérot
A =500 pm, d =350 ym, and at 100 GHz the free spacezavity with birefringent mirrors has been previously developed
wavelength is\o = 3 mm and the wavelength in the silicon[17]. It accounts for the reflections between the plates, and can
substrate is\; = A\¢/n, = 0.877 mm. handle separations exceeding the groove depth. The details are

As the grating period is subwavelendth < \,) the retar- not repeated here, however it predicts that once the separation
dance of the VADR device (defined here as the absolute pha&tance exceeds the groove depth, the retardance oscillates as
shift between TE and TM polarizations that is induced by propa-function of separation distance. This analysis can be applied
gation through the device) can be calculated in the first instangethe more accurate formulations of EMT that account for the
using effective medium theory (EMT). EMT may be used tgroove period-wavelength ratio [19], and also the the groove
model periodic structures, such as gratings, as homogenegepth-wavelength ratio [20].
layers with anisotropic properties. In the zeroth-order EMT ap- Unfortunately, the EMT approximations are known to be-
proximations [12] the effective refractive indices for TE and TMome inaccurate for materials with a high dielectric constant

polarizations at any depthare when the grating period approachis/4. A numerical vector
Maxwell Equation solving tool, such as rigorous coupled wave
nre(z) =n(2) + no (1 — F(2)) (1a) analysis (RCWA), is expected to provide more accurate results

F 1-F(2)] " i implifyi ' :
npar(z) = (2) n (2) (1b) because it does not rely on the simplifying assumptions of EMT

N ng RCWA is not described here, because it has been fully described
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Fig. 2. Scanning electron microscope micrographs of VADR. (a) Single plajgig. 3. Block diagram of experimental setup at 100 GHz, showing transmit

(b) Complete device, with fully interlocked plates. horn excited in the W band by a frequency synthesizer, and the receive horn
connected to a vector network analyzer. The VADR device is mounted between
the horns, encompassing the beam.

elsewhere (see [21] and references therein). We used a com-

mercial implementation of RCWA [22], to model the device fo[wo interlocked plates in Fig. 2(b). The silicon nitride was
comparison with the experimentally obtained results. removed in buffered 40% wiw hydrofluoric acid

For the RCWA simulations, a ten-layer staircase structure aP-A VADR device was assembled from two such silicon plates

proximated the 35@im-deep V-grooves, and the unpatterned, cnaracterized in the W band (70-110 GHz). The setup pre-

rear section of the substrate was modeled with a further IaygéF - :
. : . ) _’sented in Fig. 3 was used to measure the phase and magnitude
200 pm thick. The simulations modeled the interlock regio g P g

- . ) . '3t the scattering parameters for both TE and TM polarizations
(0 < s <350 pm) in 35 yum steps, and the remaindso < 5 fraqencies between 70 and 110 GHz, in order to quantify
8 < 30(.]0 #im) in 50 um Steps'. The silicon substrate \{vas mOdthe desired retardance and the insertion loss of the device. The
gled with complex re.f_ract|ve mdgx = 3.42 +_0'03841 [23]’ ._transmitting pyramidal horn antenna was excited by a synthe-
in order to suit the silicon material we used in the fabricatio zed sweeper and up-converter to produd dBm in the W
of our VADR device (described in the next part of this section and. A vector network analyzer measured full S-parameters.
This figure is reliable for 20@2-cm silicon, but will introduce The transmit and receive horns were separated as widely as pos-

some discrepancies into our present comparison of theory Ble within the constraints of the equipment, by approximately

experiment since we used material with 10<2@m resistivity. 25\, to ensure as planar wavefront as possible at the device.
Accurate data at 100 GHz for the loss of the silicon used forourSeVeral steps were taken to ascertain the reliability of the

experimental devices was not available. measurements. Using a separate setup that allowed the receive
horn to rotate, we measured the extinction ratio of the horns to be
in excess of 32 dB, the value being limited by the source-power
VADR plates were fabricated with bulk micromachiningand noise floor of that measurement. The E- and H-plane beam
techniques. A 100-mm-diameter (100)-orientation p-dopgmatterns of the horn were semianalytically calculated after the
silicon wafer was coated in 200 nm of silicon nitride andnethod of [25]. With the exposed device area being 20 mm by
cleaved into 20 mm by 22 mm samples. Special rotation20 mm, located approximately 37 mm from the horn, it was ex-
alignment marks with 04 angular spacing were used inpected that the device would encompass the emitted beam out
conjunction with a short pre-etch in 40% w/w potassiurto —11 dB in the E plane, and 13 dB in the H plane. The dif-
hydroxide (KOH) at 80°C, to accurately define the [110]ference in values arises because the beam is slightly wider in
directions on the wafer. The silicon nitride on each sample wtg E plane. The entire setup, minus only the VADR device it-
reactive ion etched (RIE) to form a linear grating of periodelf, was measured across the range of positional settings. The
500 um and linewidth 40um. The mask was aligned with thetransmission magnitude wass.7 + 0.1 dB, and the phase was
indicated [110] directions in order to avoid excessive undes:2 + 0.6°. Two plain silicon plates of the same dimensions
cutting during groove formation. The grooves were formed kas the VADR device were also measured across the range of
etching each plate in the same KOH solution as before, fthre positional settings. They showed the expected Fabry-Pérot
280 min. The KOH solution etched vertically at Ju#h/min, cavity behavior, with the transmission magnitude varying from
but was prevented from etching laterally by the {111} etch stop11 to —18.5 dB (with the insertion loss of the holders re-
planes that extend from the mask edges at an angle of 54nfoved) and the phase varying across a range Qf e plates
to the surface [24]. These etch stop planes formed the slopingre also rotated through 90and remeasured. Since plain sil-
sidewalls of the V-grooves, as shown in the scanning electrmon substrates have no polarizing properties, the rotation of the
microscope (SEM) micrographs of Fig. 2, with a single VADRlates did not change their behavior. This was important because
plate in Fig. 2(a) and a completed VADR device comprisingshowed that any difference in the measurements as a result of

B. Experimental
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(C) (d) Fig. 5. VADR retardance as a function of plate separali¢s) at 100 GHz.

Solid line: measured data. Dashed line: RCWA simulated data.

Fig. 4. Complex transmission coefficients of the VADR variable polarization
compensator for incident TE and TM linearly polarized radiation at 100 GHz. . o
(a) TE magnitude. (b) TM magnitude. (c) TE phase. (d) TM phase. Solid line§ponse also differs between TE and TM, oscillating fre0°
measured data with 8.7 dB test fixture insertion loss removed. Dashed lings:—3(0° for TE, and 0-50 for TM radiation. The simulations
RCWA simulated data. correctly predict the shape of the oscillation in the phase of the

. . . . TM response, the relative magnitudes of the oscillations in both
ch‘lantgu:ﬁ tf;)e ofrle ntat|to n ?f the f\{ﬁDl\?/Ap[I)?:;eds, v.vas, attrltt))utab ase and magnitude responses, and the positions of the peaks
only to the birefringent nature ot the evice's subwaveg g troughs of those oscillations (see Fig. 4). Quantitatively, the

length gratings. Weasured and simulated results for the TM polarization agree

The VADR plates were fixed over fiberglass apertures Wi\m:hin 2 dB and 16 for magnitude and phase, respectively,

_double-3|ded adhesive foem fer me(_:hamcal cushioning at f ile the TE polarization shows discrepancies of up to 4 dB and
interlock. One helderwas f'Xe.d n posmon.and the other ane w ¥°. The differences between the experimental and simulated
mounted ona mlcrometer-dnven translation stage to control ¢ §ta arise from the finite size of the test structure, resulting in
separation distance. The outside of each aperture was cove(? leakage.
with microwave absorbing foam to reduce field leakage. Meta
surfaces were similarly covered to reduce stray reflections.
For the TM measurement, the plates were mounted w
k parallel to the electric field. The plate separation distan
was set at one free space wavelength (3 mm) and reduce
60 pm steps until the grooves just reached the interlock regi
(< 350 pm). Since the sensitivity of the device was greater i
the interlock region, the separation distance was reduced

a step size of 2Qun untl full interlock was reached0um). 1y The first is in the interlock region, where separation dis-
The plates were remounted wikhperpendicular to the eIectnctanCe is less than the groove depth (0—356). The retardance
field for the TE measurement. The measurement steps Were ges from 22to 34, for separation distances 0-10h,
repeated. At eaeh separation, the S-parameters were reco ing a sensitivity of 120/mm. A 0° retardance was not
for 256 frequencies between 70 and 110 GHz. observed due to mechanical imperfections inhibiting full inter-
lock. Fig. 2(b) shows a device in full interlock having a plate
separation of 2Qum, resulting from surface irregularities. A
The complex transmission coefficients for the design fresecond region of quasilinear variation occurs for separations of
guency of 100 GHz are plotted as solid lines for measured d4200-130Qum, giving a relative change in retardance of 36
and dashed lines for RCWA simulated data in Fig. 4, with TEnd sensitivity of~120°/mm. Note that this is in the separa-
magnitude in Fig. 4(a), TM magnitude in Fig. 4(b), TE phastion region, where the birefringent—-mirror Fabry-Pérot behavior
in Fig. 4(c) and TM phase in Fig. 4(d). Note that the measuredminates. According to the simulations, the peak retardance is
phase is raw data, but the measured magnitude data has thed@sat a separation of 880m; with a relative change of 29
fixture’s insertion loss (8.7 dB) removed. The measured curviiee maximum sensitivity is 290mm for separation distances
show two distinct regions of operation, one correspondir@3-100,m, and with a relative change ef51°, the sensitivity
to interlocked plates (0-350m), the other separated plateds —170°/mm for separations 1000-13Q0n. Note that these
(> 350 pm). In the separation region, Fabry-Pérot cavitdifferences are aresult of the previously identified discrepancies
oscillations are evident, with a period of half the free-spade the phase of the measured and simulated complex transmis-
wavelength. The magnitude responses, Fig. 4(a) and (b), aien coefficients.
different for TE and TM due to the birefringent grooves. Over The frequency-dependence of the device has also been
the entire operating range, the insertion loss oscillates frarharacterized by measurement. The retardances at the upper
4-7 dB for TE and 3-11 dB for TM radiation. The phase rg110 GHz) and lower (70 GHz) ends of the measurement range

The difference in the phase response between TE and TM
polarizations is the birefringence property that is desired, and
s is plotted in Fig. 5 with a solid line for the measured re-
Srdance, and a dashed line for the simulated retardance. This
ilbs a measure of the device’s retardance as a function of the
late separatiorl(s). The maximum retardance of 74s ap-
roaching a quarter wave, and was measured at a separation of
pm. There are two distinct areas of quasilinear variation in

I1l. RESULTS AND DISCUSSION
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Fig. 6. VADR retardancd'(s) measured at the upper (110 GHz) and lower iticon
(70 GHz) ends of the W band range. et e p— SI__EG
are shown in Fig. 6. For the 110 GHz trace, there is shown a NN EN.
full period of the separation-region oscillation. The period of s I air
the oscillation corresponds to half the free space wavelength, e e e IC
Ao/2 = 1.35 mm, as would be expected from a Fabry-Pérot S
cavity. The effective groove depth (the groove depth divided 8
by the free space wavelength) decreases at lower frequencies, 20 NN TR N B N BN
lowering the effective path difference between the TE and TM d s S s BN s B
polarizations. Consequently, there is a reduction in the peak S S T T B 11
retardance and sensitivity at 70 GHz, and the position of peak silicon
retardance moves to greater separation distances. It is seen from AR
these measurements that the device operation is dispersive, but ok E—
it operates as a variable polarization compensator over a wide A
bandwidth, and the sensitivity increases with frequency. (b)

Fig. 7. Cross section of improved VADR polarization compensation devices,
with plates separated, showing grating wave vetkor, electric field TE and
IV. | MPROVEMENTS ONVADR TM directions, groove depthd, plate separatios, center thickness, and
quarter-wave AR coatings (not shown to scale). (a) R-VADR single grating
Because the simulations agree well with experiment, vwdevice. (b)R>-VADR double grating device.

have confidence in the use of the RCWA simulation technique
for the design of improved VADR devices. This is importantubstrates, to show that the improvementis generally applicable,
since the 3-11 dB insertion losses for the VADR devicemnd not restricted to lossy substrates. Simulations of VADR with
fabricated to date are larger than would be acceptable fossless silicon substraie = 3.42 show an insertion loss of
many practical applications. A more acceptable figure for tlg2-4 dB for TE and 0-10 dB for TM. With the addition of the
maximum insertion loss of this type of device is in the rangeleal AR-coatings, the insertion loss reduces to 0-3 dB for TE
0.1-1 dB. Additionally, the current retardance is sufficierdnd 0-4 dB for TM. However, the peak retardance falls from 88
for correcting deviations from a given polarization state, bw 50°, and the sensitivity becom&8° /mm.
a retardance of at least 9Qqquarter-wave) is required for A 90° retardance could still be produced by cascading two
basic polarization transformations such as linear to circular. R coated, V-grooved VADR devices in series, and 18§
retardance of 180(half-wave) is required for full polarization using four. For practical reasons, it is preferable to use only a
control, including the rotation of linear polarizations. Specifisingle device or reduce the number of devices in the cascade,
applications may require additional criteria such as a lineay using devices with a greater retardance. For this reason,
variation in retardance with separation, closely matched Mg investigated alternative grating geometries that offered
and TM insertion losses, or high sensitivity. greater birefringence. Simulations are presented of both single
The insertion loss is predicted to improve with the additioand double grating-pair devices with rectangular grooves,
of quarter-wave antireflection (AR) coatings. The two exterighat we have called the R-VADR aRP-VADR, respectively,
surfaces of the VADR device form an additional pair of strongljsee Fig. 7(a), (b)]. We predict the R-VADR is capable of
reflecting mirrors, due to the abrupt substrate-air interface. Thisquarter-wave retardance, and tR8-VADR a half wave
results in an increase in, and a mismatch between, the TE aathrdance. We find that enhanced sensitivity and reduced loss
TM insertion losses. The required index of the AR coating is obtained with rectangular-grooved structures compared to
V/nsi = 1.85, and at 100 GHz the quarter-wave thickness the equivalent VADR structures. Hence, no further simulations
405pm. A suitable candidate material is SU-8 photoresist, withre presented for V-grooved devices. Due to the improved
a refractive index of 1.8 at 100 GHz [26]. The comparison bé&sertion loss, all further simulations include the quarter wave
tween non-AR- and AR-coated devices is made here for lossle#slectric AR coating.
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TABLE |
CHARACTERISTICS OF THER-VADR RETARDANCE I'(:s) FOR VARIOUS GROOVE DEPTHS AT100 GHz
Groove Peak Separation at Total Insertion | Insertion
depth d | retardance | peak retardance sensitivity loss loss
(um) (degrees) (pm) (degrees/mm) | (TE, dB) | (TM, dB)
200 54 800 67 0-28 0-3.6
350 112 750 150 0-26 0-2.0
500 147 850 173 0-5.0 0-5.0
A. R-VADR retardance is coupling two R-VADRSs in series, combining

The R-VADR differs from the previously investigated VADRthe m(;ler t\r/]vo glat_es 'Qtoda g?uble-&dedl grating. V\\//zDhRave
only in that the grooves are rectangular. The basic theory %%n:/iDEJCTha tr)ewhce_t N fourReQr\e/;glggg a(; groove db » O
operation remains the same, but we find the increased biref _-h h - 'he s a\;or Of a h -R VADIIRS beterrlnmeb ﬁ'
gence of the rectangular grooves provides a greater retardarnce. the groove depth as for the R- , but aso' y the

The rectangular cross-sectional geometries required f rlene‘.SS.Of t_he su'bstr'ate .between the center platgs two grat-
R-VADR can be made using deep reactive ion etching (DRI gs; this is dimension in Fig. 7(b). The substrate thicknesses
micromachining techniques for short operating wavelengtﬂ the outer plates have no effect on the performa_nce, as the
where groove depths up to approximately 300 are required outer surfaces are AR coated. To adjust the separation distance

2. . ! .
[27]. For deeper grooves at short operating wavelengtt?slz,th(aRI VADR, the czn;er ;:I:Iate IS he(qu fixed, V\;]h'f thitwo
excimer laser ablation may be used; for longer operati ter plates are moved by the same distanseich that they
wavelengths, the lateral feature sizes are large enough ¢ always equidistant from the center plate. Alternatively,

mechanical cutting techniques to be used. It would be possigﬁymmetrical operation of this device is possiblg, as there are
to fabricate plates from alternative materials, and moldi W two degrees of freedom for plate separation, but these

could be used for mass production. All four techniques allo ses are not explored here.

the depth to be controlled precisely, and the groove depth to be\Ne_seIected as an example for this paper, a devpe W'th.the di-
nsions: = 840 um andd = 730 um, because our investiga-

chosen to be any value without the restrictions imposed by ffension: . . .
KOH etch technique. Thus, devices of the same B@period, tions indicated that these dimensions gave a high retardance and

but with three different groove depth), [see Fig. 7(a)] a low insertion loss. RCWA simulation results at 100 GHz for
have been investigated: the direct equivalent to the VAD T .
(d = 350 um), one shallowetd = 200 um) and one deeper (s) in Fig. 8(a), and the magnitudes of the TE and TM trans-

(d = 500 um). The same RCWA technique was used for theg@iss.ion coefficients in Fig. 8(b). The peak re_tar(jance 416
simulations as before. The retardance, total sensitivity, a}?/rgn in excess of the 180required for full polarization control.

eR2-VADR device are plotted in Fig. 8, with the retardance

insertion losses for all three R-VADR devices are tabulated f|'¢ SENsitivity over retardances 0-18he operating region),

Table 1. The total sensitivity is defined as the peak retardan}{% |cr:hcorret_spon(:r':otsegtar_atl?jnfs O_ﬁfﬁ’ '3.4.85>|/ {IlljllDI;n ((j)re_
divided by the separation at the peak retardance. an three times that obtained from the origina evice.

Examining Table I, it is clear that plays a pivotal role in The insertion losses in the interlocked operation region are low,

determining the peak retardance. We find that the greatie at0-0.1dB for_TE and 0-0.1 d.B’ except for a 0.6 (.jB peak at
greater the peak retardance. Compared to the equivalent VADIRO/12 Separation, for TM. Outside the operating region, where
the 350um R-VADR gains 62 in peak retardance and9/inm thé insertion loss is not as important, it is larger at 0-10 dB for
in sensitivity, and the worst insertion loss is improved by 1.4 dl_g;.E znd 0—5”dBtf_or T'\;" loss fi for tRE-VADR will b

The TE and TM insertion losses are also better matched; they . € exceflent insertion loss figures for the- witoe
differ by up to 0.6 dB at some separations, compared to diffed bject to increase in a prac_t|ca'l device since there WI|! be addi-
ences of up to 1.6 dB for the VADR. The insertion losses for t%o_nal loss owing to absorption in the subsrate, but this can be

other R-VADR's are slightly worse, indicating that the losses d’glnimized by using high resistivity waters [23]. Other practical
not necessarily increase in propor,tion to the groove depth. considerations include the possibility that mechanical imperfec-

The R-VADR is easily capable of achieving a quarter-wa\}cieons may prevent full interlock. Additionally, any clearance be-
gen the grooves to alleviate sticktion would result in a slight,

retardance, with an improved magnitude response compare ’ tabl f q dation. Iti fortunate that
the VADR. The improved performance is attributed to the high pt acceptable, performance degradation. 1t 1S untortunate tha
|rbboth cases, the ability of the device to reach zero retardance

total birefringence of the rectangular gratings that now have ldb ced. Wi v tqati devi
constant effective refractive index as a function of depth, rath\é'ﬁ_u € compromised. YVe are currently investigating a device
ich overcomes these difficulties.

than being smoothly graded as in the V-groove case. whic . . .
Piezoelectric actuators can now easily manage the relatively
B. R2.VADR small shifts(< 400 pm) required for a half-wave device. The
: addition of suitable electronic control would produce a device
A device capable of a half-wave retardance makes an attragth a small footprint, capable of modulating polarization at
tive proposition, as this is necessary for complete polarizatitens of kHz for information gathering or encoding, or providing
control. The simplest method of doubling the available peateady state compensation.
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Fig. 8. Transmission characteristics at 100 GHz ofRieVADR device with
dimensions: = 840 pm, d = 730 pm. () Retardanc€(s). (b) Magnitude
of the TE and TM transmission coefficients.

(8]
9]

(10]

V. CONCLUSION [11]

12]
A VADR using V-groove artificial dielectrics has been fabri-

cated, tested and modeled at a frequency of 100 GHz. Variable
. 13]
retardances of up to 7have been measured, in good agreemen&
with RCWA simulations. The retardance can be greatly modi{14]
fied for small, easily controlled, changes in separation distanc
Operation is wavelength specific, but wide bandwidth, and th
fabrication process scales easily.
Further investigations into device improvements, including
P : . - Y16
rectangular artificial dielectric gratings and coupled devices,
have been carried out by detailed simulation. The addition
of AR coatings to the two exterior surfaces of a single de-

X i ) |
vice reduces the insertion loss. A rectangular groove dewcb
(R-VADR) is predicted to have more than twice the sensitivity[18]
(150°/mm) of the equivalent depth V-groove device, and
is capable of quarter wave retardance. A double rectangular
grating device R2-VADR) offers a peak retardance in excess[19]
of a half wave and eight times the sensitivity of the VADR, 20
at less than one third of the insertion loss (0-0.6 dB). With[ ]
piezoelectric actuators, ti?-VADR would make a compact,

5]

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 51, NO. 11, NOVEMBER 2003

low cost, electronically controlled device capable of full polar-
ization modulation or steady state compensation at millimeter
and submillimeter wavelengths.
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