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Microwave liquid-crystal variable phase grating
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A voltage-controlled variable phase grating, at microwave frequencies, is described and its response
characterized. It comprises a stack of 71 aluminium strips of 1 mm thickness separateg.iyy 75
spaces, filled with aligned nematic liquid crystal. For microwaves polarized normal to the grating
strips there are a set of resonant transmitted frequencies. By varying the voltages applied across the
liquid crystal layers and their distribution, a variable phase microwave grating is realized. This
allows low-voltage control of output beam profile and intensity2@4 American Institute of
Physics [DOI: 10.1063/1.1787898

In a wide range of applications the use of microwavemission, with different intensities and phases from different
devices has increased significantly in recent years. The reslits.
quirement for compact, low cost, low voltage, and low In this letter, we demonstrate a voltage-controlled liquid
power consumption microwave modulation devices hascrystal variable phase grating at microwave frequencies. The
therefore, also grown. Concurrently there has been the bugrating geometryFig. 1) comprises a stack of 71 strips of
geoning use of low voltage, low power consumption displaysaluminium with mylar spacers at each end. These 70 gaps are
whose functioning depends on the elasticity and high biredivided into seven groups of ten gaps in each group. An ac
fringence of thermotropic liquid crystals. While this birefrin- source(1 kHz) is used to apply different voltages indepen-
gence extends beyond the visible into the microwavedlently to each gap within one group with the gaps having the
regimer only a few microwave devices using liquid crystals, same relative position within different groups having the
for example, microstrip line or waveguid&* structures, same voltage across them. This gives a series of seven iden-
have been reported. tical sets of ten slats. As shown in Fig. 2, the dimensions of

Recently, however, a phenomenon, which showshe slats are: length =80.0 mm, width(groove depth W
strongly enhanced transmission of electromagnetic radiatiosr 30.0 mm, and thickned3=1.0 mm, with the width of the
through thin, periodic metallic samples containing very smallmylar-spaced gaps beifig=75.0 um. The repeat distance of
hole array§G or thicker samples having narrow sitd has  the structure is 10.75 mm. To facilitate alignment of the lig-
been demonstrated. Both have been attributédhe reso-  uid crystal, the aluminium slats are individually coated with
nant coupling of surface plasmon polaritoi®PP$. For the  a polyimide (AL 1254) film on both sides. They are then
narrow slit structures, the evanescent fields of SPPs on eatjaked and the polyimide unidirectionally rubbed, with a soft
side of a single groove form coupled SPPs which set ugloth, along the short axis direction of the slats to provide
standing waves leading to large field enhancements withihomogeneous alignment of the liquid crystal directtve
the groove%'® and strong transmission. This resonant trans-average orientation of the long axis of the nematic mol-
mission through deep narrow grooves in metallic structuregcules. The polyimide layers also act as ion barriers prevent-
has now been reported for microwavé®y combining this ing ions entering the thin liquid crystal layers when a field is
metallic slat grating structure with liquid crystals by filling applied. These treated aluminium slats are then stacked as
the grooves with voltage-controllable aligned liquid crystalthe above array and capillary filled with a nematic liquid
we have demonstrated a microwave voltage-controlle¢rystal(Merck-E7).
wavelength selectdf (Even a single sli® shows quite
strong transmission for waves polarized with thEirfield

perpendicular to the slit.The “extraordinary transmission” Wmm:‘
observed for an array of such metallic slits, a deep grating, is

the result of constructive interference of the emission of ra-

diation from the Fabry-Perot-like resonances localized in — 2]
each cavity. Provided the frequency width of the modes is . H
sufficient then by changing the microwave path length in ] ,,3-' e
separate cavities, by voltage control of the liquid crystal = A
placed within such slits, it should be possible to control the /I/Poloﬂmﬂon

relative phase of the emission from each cavity. Then for any m@@:
chosen wavelength the transmission from the grating can be m@Q\L”
flexibly controlled by constructive interference of the trans- —

dauthor to whom correspondence should be addressed; electronic mail:

j.r.sambles@exeter.ac.uk FIG. 1. The grating geometry.
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FIG. 2. The structure of a single metallic slit of the grating. %
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To measure the transmission a horn antenna, fed by a
variable frequency microwave generat60—75 GHz1 is set
about 80 cm from the grating sample to direct an approxi- oo poy p p p =
mate plane wave normally on to the grating. The zero-order Frequency / GHz

transmitted beam is collected by a second horn antenna that o , _
is about 40 cm from the grating and connected to a SCM%IG. 4. Transm|_SS|0n data as afur_]ctlon of_ frequency and applied voltgge.
. . . or an explanation of the three different lines, see the text. The vertical
network analyzer. Because the grating is quite close t0 thgc.dashed line indicates a frequency of 56.7 GHz.
detector horn the grating sample is rotated a little about an
axis that is perpendicular to the grating grooves and parallel
to the plane of the grating surfag¢eoincident with the po- nantly excited when the free space wavelength of the micro-
larization direction. This avoids strong interference between wave radiation),, satisfies* \o=2n cosa’W/N, whereN is
the back surface of the grating and the detector horn. Onlyhe number of nodesy’ is the internal angle of incidence,
linearly polarized microwaves are incident with the electricandn is the refractive index within the cavity. This type of
vector lying perpendicular to the groove direction. No trans-sample is a “metal-filled” Fabry-Perot, the two highly re-
mission is obtained for radiation with its field along the flecting surfaces being the front and back surfaces of the
slat direction. Transmission data were taken as a function adluminium slats® The tuning of the resonances arises from
frequency with various combinations of voltages across théhe voltage control of the liquid crystal director, as discussed
liquid crystal-filled gaps. Voltages were selected to give dif-by Yang and Samble¥.Increase of voltage causes the direc-
ferent phases of the microwave outputs at different slats, thu®r to realign into a homeotropic state, the microwave elec-
providing, through interference, the potential for outputtric field then experiencing a higher index. Using continuum
beam steering. elastic theor}’ to model the director tilt anglé distribution
Transmission data as a function of frequency are showihrough the cell the local effective index is calculated using
in Fig. 3. The thick solid line corresponds to no voltagesne;=nyne/ (nZ cog 6+nZ sir? 6)2. By integrating across the
applied, the dotted line corresponds to all gaps having voltliquid crystal layer the average effective index as a function
ages of 1.6 Vs and the dashed line corresponds to all gapsf applied field is found. This effective index increases as the
having voltages of 3 ;s Finally, the thin solid line in Fig. applied voltage increases so that for a given mode ohder,
3 corresponds to the top six gaps in each group of ten havinthe resonant wavelength,, increases, i.e., the frequency
applied voltages of 3 ¥,s with the remaining four gaps hav- decreases.
ing applied voltages of 1.6 s This particular set of volt- It is apparent that at the frequency of 59.2 Gidertical
ages was chosen, as discussed later, to suppress the zedashed-dotted line in Fig)3the signalthin solid line) drops
order transmitted beam at a selected frequeniData is to zero, while, for no applied voltage across any gt
normalized with respect to the signal obtained in the absencinick solid line), the signal is close to maximum. This is
of the grating) explained as follows. Every resonance has a width as shown
From Fig. 3 it is clear that the transmission as a functionin Fig. 3. Across each resonant peak different frequencies
of frequency has a Fabry-Perot character with modes movingill have a different phase relative to the center, “resonant,”
to lower frequency with increasing voltage. Aluminium, frequency. 59.2 GHz is at the front edge of the resonant peak
at microwave frequencies, has a very large permittivitycorresponding to the dotted line, so it is approximatety/&
(~=10*+10i) and in the narrow gapé~75 um) coupled difference in phase from the central, resonant frequency for
SPPs with wave vectors very close to the free space wavevery gap having a voltage of 1.6\ This frequency is
vector result® To first order, the coupled SPPs will be reso- also at the back edge of the resonant peak corresponding to
the dashed line. Thus, it has approximately/2 phase dif-
ference from the resonant frequency for each gap with,3 V
applied. Since, for these two cases the two resonance peaks
around 59.2 GHz have the same ordeith different index
values in the cavitios the phase difference of the 59.2 GHz
signals from these two different voltage cavities will ber.
In addition, the relative intensity of the two resonances is
~0.62=0.0077/0.0128 comparing the 3 );s with the
1.6 Vs Signals as also shown in Fig. 3. So, if in every group
of ten gaps a voltage of 3,y is established across the top
NS six gaps and a voltage of 1.6, is applied to the remaining
To 75 four gaps, this will result in two almost equal intensity sig-
nals of opposite phase. Destructive interference of these two
FIG. 3. Transmission data as a function of frequency and applied voltage(.:or,nponents reSl,JItS In almost zero transmission at 5_9'2 GHz.
For an explanation of the four different lines, see the text. The verticall NiS clearly confirms that this structure acts as a microwave

dotted-dashed line indicates a frequency of 59.2 GHz. variable phase grating. This is further confirmed by choosing
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) In conclusion, by stacking a number of metallic strips
3 00104 frequency . with thin gaps between them and filling with aligned liquid
=56.7 GHz . . .
= crystal, a voltage-controlled variable phase grating at micro-
2 ooy wave frequencies is demonstrated. Different voltages may be
'g 0008 4 R applied independently to each of the ten gaps within a group,
é ¢ . , with the resulting pattern of voltages repeated in each of the
= %001 seven groups. For a radiation incident with its electric field
o002 . polarized orthogonal to the grating grooves, this structure
* e . acts as a voltage-controlled phase grating. This is experimen-
0.000 Ly tally demonstrated by the fact that the zero-order transmis-
Number of gaps having 2.5 V__applied sion intensity for any chosen wavelength can be flexibly var-

ied from a maximum to zero by applying appropriate

FIG. 5. The transmission at 56.7 GHz against the number of gaps in eacVolta_ges across appropriate gaps.
group with a voltage of 2.5 ¥, (the rest of the gaps in the group have a
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