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Abstract—By covering a metal ground plane with a periodic as two-dimensional (2-D) shorted waveguide arrays [7], or the
surface texture, we can alter its electromagnetic properties. The inverse structures, which are known as pin-bed surfaces [8].
impedance of this metasurface can be modeled as a parallel res-These textured materials are typically one-quarter wavelength

onant circuit, with sheet inductanceL, and sheet capacitanceC. T - A .
The reflection phase varies with frequency from+r to —, and thick in order to achieve a high-impedance boundary condition.

crosses through 0 at th.C resonance frequency, where the surface ~ R€cently, compact structures have been developed that can
behaves as an artificial magnetic conductor. By incorporating var-  also alter the electromagnetic boundary condition of a metal sur-

actor diodes into the texture, we have built a tunable impedance face, butwhich are much less than one-quarter wavelength thick.
surface, in which an applied bias voltage controls the resonance The reduction in thickness is achieved by capacitive loading,
frequency, and the reflection phase. We can program the surface such as by using closely spaced mushroom-shaped metal protru-

to create a tunable phase gradient, which can electronically steer . . .
a reflected beam over+-/— 40° in two dimensions, for both po- sions, or overlapping thumbtack-like structures [9], [10]. These

larizations. We have also found that this type of resonant surface Materials provide a high-impedance boundary conditin%
texture can provide greater bandwidth than conventional reflec- 377 2) for both polarizations. They are sometimes known as
tarray structures. This new electronically steerable reflector offers  artificial magnetic conductors, because the tangential magnetic
a low-cost alternative to a conventional phased array. field is zero at the surface, rather than the electric field, as with
Index Terms—Antenna arrays, grid arrays, high impedance an ordinary metal. In addition to their unusual reflection phase
surfaces, impedance sheets, reconfigurable antennas, scanningoroperties, these materials have a surface wave bandgap, within

antennas, textured surfaces, tunable antennas. which they do not support bound surface waves of either TM
or TE polarization. However, they do support leaky TE waves,
I. INTRODUCTION which can be useful for certain applications. The surface wave

. . ) ) properties of these materials are described in greater detail else-
I T is well-known that metal-dielectric <_:0mp03|te_ textures here [9], [10]. In the present paper, we are only interested in
can be used to alter the electromagnetic properties of m&tal;r refiection phase properties, which are the basis of our elec-
surfaces to perform a variety of functions. For example, Spec'“‘bnically steerable reflector.
textures can be d_esigned to change_ the surface impeda_nce @onventional high-impedance surfaces are typically con-
one or both polarizations, or to manipulate the propagation 9 cted as printed circuit boards, where the bottom side is a
surface waves. The simplest examples are corrugated medly metal ground plane, and the top contains an array of small
s_heets, ofte_n known_ as soft and hard sgrfaces. [1] These m Lg A) metal patches The plates are connected to the ground
rials are typ|cal_ly built as a metal slab with quarter-waveleng_ ane by metal plated vias to form a continuous textured metal
deep corrugations. They are usually analyzed by treatiggy,cryre. An example of such a material is shown in Fig. 1. It
the_ corrugations as quarter-wavelength transm|55|on_ lines, i pe considered as a 2-D version of the corrugated ground
which the short circuit at the bottom of each groove is tranETane, where the quarter-wavelength resonant corrugations

formed into an open circuit at the top surface. This providesiae peen folded up into small resonant circuits, and distributed
high-impedance boundary condition for electric fields polag, 4 2-p |attice.

ized perpendicular to the corrugations, and low-impedance foryhen the period is small compared to the wavelength of in-

electric fields parallel to the grooves. Soft and hard surfaces fest, we may analyze the material as an effective medium, with

used in various applications such as manipulating the radiatipfiq ;rface impedance defined by effective lumped-element cir-

patterns of horn antennas, or controlling the edge diffraction &fjit parameters that are determined by the geometry of the sur-
reflectors. Further background on these and related strUCtYgs, texture. A wave impinging on the material causes electric
can be found in the literature on corrugated surfaces [2]-{Gk|qs 1o span the narrow gaps between the neighboring metal
Similar structures have also been built in two dimensions, Suﬁﬁtches and this can be described as a sheet capacitance

with units of [Farads * square]. As currents oscillate between
Manuscript received September 30, 2002; revised January 22, 2003. Thie neighboring patches, the conducting paths through the vias
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Fig. 2. Reflection phase of a resonant textured surface crosses through 0 at
the resonance frequency, where the surface behaves as an artificial magnetic
. ° ° ° . ° . . h e
conductor. By tuning the capacitance or inductance, we can shift this curve to
the left or right, thereby tuning the reflection phase for a fixed frequency.
° L] L ° L ° with little more than reactive tuning at the feed point. The sepa-
ﬂ ration limitis determined by the requirement that the capacitance

. between the antenna and the surface must be small compared to
Vias Plates the built-in surface capacitance, so as not to detune the surface.

E [I. TUNABLE IMPEDANCE SURFACE
The resonance frequency of a textured ground plane can be
Ground Plane tuned by adjusting the values of its effective circuit parameters
fo 1 R textured surface. that is the basis of our 2.0 b . L andC'. Because the reflection phase is determined by the fre-
L escnant letured suface, atis e basis of our . bean teeifency of the incoming wavaith respect to the resonance fre-
connect an array of plates on the top surface to a metal ground plane on@#€ncysuch a surface can perform as a distributed phase shifter.
bottom surface. The capacitance and inductance between the plates deterfige¢he resonance frequency is swept from low to high, the curve
the electromagnetic properties of the surface. in Fig. 2 is shifted from right to left, so the reflection phase at
any fixed frequency varies fromr to . If the reflection phase
The surface impedance becomes infinite at the resonance féeprogrammed as a function of position across the surface, it

gquency, which is can be used for beam steering. A linear gradigptz, y)/0x
1 will reflect a normally incident microwave beam to an angle in
=, 2 -
Wo = 7EE (2) the X-Z plane of
e . 1 A 99(z,y)
For a normally incident wave, the reflection phase of the surface f = 2tan o or ) (4)

is
Other phase functions can be used for other tasks, such as a par-

¢ =Tm {Ln ( s 77)} 3 abolic phase function for focusing. These concepts have been
Zs+mn demonstrated previously using arrays of various resonant ele-

wheren = 377 Q) is the impedance of free space. This reflectioﬁ]ents ranging f“’".‘ dipolesf to patches, and beam-forming struc-
phase function is shown in Fig. 2. ures employing this technique are commonly known as reflec-

11]-[18]. Tunable reflectarrays using varactor diodes,
Far below the resonance frequency, the surface reflects rays [ . .
a phase shift ofr, just like an ordinary electric conductor. Th ], [20] and related devices known as grid arrays [21], [22]

reflection phase decreases with higher frequencies, crossi e also been built.

through 0 at resonance, where the surface behaves as an art _hg resonan;:e frequegcytand dtTJe rerl:lectlpn F;Llase of a.thlgh'
ficial magnetic conductor, and approaches for frequencies Impedance surlace can be tuned by changing e capacitance,

far above resonance. Applications for these surfaces incng/S inductance, or both. However, the sheet inductance is given

low-profile antennas, in which radiating elements can i
very close & ) to a high-impedance ground plane without L=ut (5)
being shorted out. The effective image currents in an artificial
magnetic conductor are in-phase with the antenna current, avitere,, andt are the magnetic permeability and the thickness of
thus reinforce the radiation, rather than canceling it as with #me substrate. Without magnetically active materials, the induc-
electric conductor. tance is primarily determined by the thickness, and is difficult to
The effective surface impedance model is not strictly valid fdune. The capacitance is easier to control by changing the geom-
objects that are much closer than a wavelength from the surfaey and arrangement of the metal plates, or by adding tunable
However, we find that in practice, antennas can be built as cldsenped capacitors. Reflective beam steering using a mechan-
as 1/100 wavelength from a properly designed textured surfacally tuned surface has already been demonstrated by adding
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Fig. 4. Plot of the simulated bandwidth for various geometries, ranging from

a thin wire grid to a lattice of broad plates. In each case, the period was 1 cm,
and a 1-mm dielectric cube was placed at each edge to model the varactors. The
theoretical bandwidth for a high-impedance surface with a thickne8<)8#

is shown as a dashed line.

I1l. B ANDWIDTH OF REFLECTARRAYS

— Bias Voltages .
—_— ¢ It is known that the geometry of the resonant elements can

have a significant effect on the performance of reflectarrays
Fig. 3. Electrically tunable impedance surface, with varactor diodes betw

neighboring pairs of plates. Half of the plates are grounded, and the otheraeg\b]' [17], so We examined the effect of the plate geometry
are attached to control wires on the back of the surface. The diodes are orie@8dthe properties of our textured surface. For example, a thin

in opposite directions in each alternate row. wire grid structure has a greater tuning range than a broad plate
structure because it has lower fixed capacitance. Related devices
a layer of movable tuning plates that overlap with a stationzﬁs?pwn as g_r|d arrays have_ alrea_dy demonstrated 1-D steering,
high-impedance surface [23]. Moving the tuning layer with r Ising a series of metal strips printed on a grounded substrate,
spect to the surface changes the resonance frequency, and®fg.connected by rows of varactors [21], [22].
tating the tuning layer with respect to the stationary surface pro-//& Simulated a series of structures using Hewlett Packard
duces a phase gradient, which steers a reflected beam. ~ High Frequency Structure Simulator (HFSS). In modeling these
In our electrically tunable impedance surface, the movabpgriodic SL_Jrface textures,_one unit ce_II is suff|_<:|ent tp determine
plates are replaced with varactor diodes, as illustrated in Fig.!3€ reflection phase. Typically, the single unit cell is placed at
Each unit cell in the periodic surface texture is connectdf® end of a square TEM waveguide, which has electric bound-
to its four neighbors by reverse-biased diodes. By changiA§€es on two opposing walls, and magnetic boundaries on the
the voltage on the diodes, we adjust the capacitance betw&&Her two walls. A wave is excited from a port at the front end of
neighboring cells, and tune the resonance frequency. In ordf2® Waveguide, and the reflection phase from the surface at the
to supply the required voltage to all of the varactors, wlack end is recorded as a function of frequency. Although this
alternately bias half of the cells, and ground the other hdiethod only provides the reflection phase for normalincidence,
in a checkerboard pattern. At the center of each biased célis sufficient for examining trends in the reflection phase band-
a metal via passes through a hole in the ground plane, aMiglth with changes in geometry. We studied geometries ranging
connects to a control line located on a separate circuit layer §@m simple squares to a narrow wire grid, shown in Fig. 4. For
the back of the surface. By controlling the varactors from trevery case, the substrate was 1.6-mm-thick Rogers Duroid 5880.
back of the surface in this way, the bias lines do not interfefidne lattice had a 1-cm period, and 1-mm dielectric cubes were
with the microwave fields on the front side. The varactors afentered on the plate edges to simulate the varactor diodes. By
oriented in opposite directions in each alternate row, so thetanging the dielectric constant in these small cubes, we could
when a positive voltage is applied to control lines, all the dioddgne the reflection phase as a function of frequency.
are reverse-biased. By individually addressing each cell, theBy narrowing the square plates to a grid of wires, the fixed
reflection phase can be programmed as a function of positicapacitance is reduced, and the tuning range is increased. How-
across the surface. ever, the bandwidth is also diminished as shown in Fig. 5. We
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Fig.6. Photograph of the electronically steerable reflector. The lattice period is
1 cm, and there are 26 25 cells. There are 1125 varactors, which are addressed

in rows through the ribbon cable at the left edge. At 4.5 GHz, the surface is about
3.75-wavelengths wide.

whereV is the volume of a sphere having a radius of

=2 )

known as the radian length. The bandwidth is further reduced
from this upper limit by the degree to which the fields do not
uniformly fill that volume, so an antenna with highly localized
fields tend to have narrower bandwidth. For a resonant textured
ground plane, the same rule may be applied, and structures with
uneven field distributions tend to have narrower bandwidths.

The theoretical bandwidth for a high impedance surface is in-
dicated by a dashed line in Fig. 4. This bandwidth can be calcu-
lated as the frequency range where the magnitude of the surface
(®) impedance is greater than the impedance of free space

Fig. 5. Electric field within the substrate for two different plate geometries.
(a) In a thin wire grid structure the electric field is primarily concentrated
beneath the wires, which tends to reduce the bandwidth. (b) In a flat plate
structure the field is more evenly distributed throughout the surface.

To

JwL

1—w2ic|” ™ (8)

We solve forw to yield the frequencies of the two band edges

define the bandwidth of the resonance as the range where the 9 1 1 1 1 1
phase falls betweea /2 and —m /2. This measure of band- w=1oT 2n2C2 + nCc\ LC + 4n202° ©)
width is directly proportional to its usable instantaneous band- i oo i
width as a beam steering reflector, because a reflectarray Wit}l—lr}f terms inl /7°C" are typically smqll compared to the terms
steeper phase curve is less able form a consistent phase prB?iIULC’ S0 we neglect them to obtain
over a broad range of frequencies. 7

This dependence of the bandwidth on the plate geometry can wa w1+ 22 (20)
be explained by examining the electric fields within the surface n
texture. The field inside the substrate is shown for two casesjjere
Fig. 5. For the narrow wire grid structure, the electric field is
primarily concentrated beneath the wires, while for the lattice \/f
of square plates, it is more evenly distributed across the plate %o = C

edges. The field distribution within a resonant textured surface

affects its bandwidth in much the same way as for a small redg?" Structures that are thin compared to the wavelerigths
nant antenna, as first described by Wheeler and Chu [24]-[2BfPically small compared tg, so we can expand the square root
A small antenna having a volunié is limited to a maximum 1 (10), to approximate the fractional bandwidth as
bandwidth of

11)

=

Ao JZo_No (12)
(6) wo Ui

m|t
(=] (=)

=<
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3 3.5 4 4.5 5 5.5 surface and feed horn were rotated about the vertical axis, and the radiation
Frequency [GHz] pattern was measured in the horizontal plane by a second receive horn.
@ texture and do not uniformly fill its volume, as summarized by
0 the inequality
v e ] t
/ 1 2
5 200 a |/ 1 B < . (14)
A/ LT "2 . ]
D 1 Vo : which can be viewed as the 2-D analog of (6), derived here for
> -10 3 . 1 a resonant textured surface.
9 I 16 ; One can further expect that any array of resonant elements
= 9 11 '\l 0 ] where the period is significantly greater than the size of the ele-
& -15 ] ments would suffer a similar reduction in bandwidth, compared
E ] to adensely packed lattice, due to the unused portions of the sur-
o 1 face area where the fields are negligible. Indeed, similar trends
9 -20 in bandwidth are seen for traditional reflectarrays [16], [17].
S ] Furthermore, (14) only specifies the maximum inherent band-
£ width of the resonant surface. Its usable bandwidth as a beam
-25 steering reflector is even less, because of the curvature of the
reflection phase function
oL e o (z,y
3 35 4 4.5 5 5.5 % #0 (15)
Frequency [GHz] _ o
©) and the need fdIr phase discontinuities to steer to large angles.
Fig. 7. (a) Reflection phase and (b) the magnitude for various voltages. The IV. DESIGN AND CHARACTERIZATION

solid lines correspond to a uniform voltage ranging from 9 to 20 V, which
provide a tuning range of 3.5 to 4.5 GHz. For the dashed lines, two different \We built our tunable impedance surface as a lattice of square

voltages were applied to alternate rows, which doubles the effective per(gﬂates with varactor diodes connecting between each adjacent
splitting the resonance in two, and pushing the upper resonance to nearly 5 GHz, . . . ) .
pair of plates, as shown in Fig. 6. The diodes are Micrometrics
I'llicon hyperabrupt varactors, model MHV500-19-1, which
ave a usable capacitance range of roughly 0.2 to 0.8 pF. From
(2), we can expect a frequency tuning range of somewhat less
(13) than2:1withthese varactors. The surface is built as a multilayer
wo Ao circuit board, with three metal layers and two substrate layers.
where )\ is the free space wavelength at the resonance ffEhe front metal layer contains the lattice of square plates, the
quency. We recognizg, /27 as the radian length in (7) [24]. middle layer is the ground plane, and the back layer contains
Thus, the bandwidtiB of a thin, ¢ < \) nonmagnetic,/{ = the control lines that bias the varactors. The substrate layers
o) resonant textured ground plane is limited by its thicknesse both 1.6-mm-thick Rogers Duroid 5880, and were designed
divided by the radian length at resonance. It is further reducesith equal thickness to prevent warping of the substrate during
by the degree to which the fields are localized within the surfaéabrication. The square metal plates are 9.2-mm wide, and the

Using (2) and (5) we multiply the numerator and denominat
by wo, and substitute fof. to obtain

Aw 2T
- t_

~
~
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Fig. 9. For E-plane steering, the feed horn is oriented so that the electric field lies within the horizontal plane. The surface was programnfedida ) O
(c) 2, (d) 30, and (e) 40. It could also steer by an equal amount in the opposite direction.

period is 10 mm. The surface measures 25-cm square, for a V. REFLECTIVE BEAM STEERING
total of 625 individual plates. It uses 1152 varactors, which

Wevr\?earl;teog3:5?'%?::32530%3'nr?aaslep'gr;ﬁgcihprizzleergifft;:QEServes as a calibration table that is used to program the surface
2 function of bias voltage and frr)e uency. A flat metal late t&Preflective beam steering. To steer to a given angle, we calcu-
9 d Y- P Thte the required reflection phase gradient using (4), then select

the same size was used as a reference. In order to eliminate u?- .

. . . a frequency, and calculate the corresponding voltages for each
wanted reflections from nearby objects and artifacts from trE)eaS line from the calibration table. The brocess of calibration
feed horn, the surface was oriented at #th respect to both 1as 1l ! ' ' P ! '

agg steering was automated using National Instruments Lab-

the transmitter and the receiver. The phase and magnitude t This straightf d method d
the reflection coefficient are shown in Fig. 7 for various voltY!€W software. This straightiorward method can produce mea-

ages. By tuning the voltage on the varactors from 0 to 20 V, tifdrable beam steering [28], but it does not take into account the
resonance frequency can be tuned over a range of about o> Bhgse curvature of the feed horn, and is susceptible to calibra-
4.5 GHz. However, the surface is only useful for beam steeriHB” errors and manufacturing variations in the surface and the
above about 3.5 GHz because at lower bias voltages the vargractors. We mitigated these effects by using a simple algo-

tors have greater loss, which diminishes the antenna gain 4@ to optimize the bias voltages: the surface was rotated to
distorts the phase curve. the desired angle, and the received power was monitored as the

The solid lines in Fig. 7 correspond to a uniform V0|taggoltage on each bias line was dithered by successively smaller
ranging from 9 to 20 V, which tunes the surface from 3.5 to 4values, until the received power did not change. The radiation
GHz. Higher resonance frequencies are achieved by alternat@jtern for each selected steering angle was then measured using
between two voltages on every other row. This effectively dothese optimized voltages.
bles the lattice period and splits the resonance into two separaté0 measure the beam steering capabilities of the surface, it
modes as the Brillouin zone [27] is folded in upon itself. Thwas suspended 25 cm above a vertical feed horn, atté5
formation of a second mode allows the surface to be tunedthe horizon, as illustrated in Fig. 8. The surface and horn are
high as 5 GHz, as shown by the dashed lines. This also has impunted on a rotating pedestal in an anechoic chamber. Radia-
portant effects on the surface wave band structure, but that topdm from the feed horn reflects from the surface, and is received
is beyond the scope of the present discussion. by a separate receiving horn. By rotating the feed horn and the

A series of reflection phase curves, like those shown in Fig. 7,
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Fig. 10. For H-plane steering, the feed horn is oriented so that the magnetic field lies within the horizontal plane. The surface was program@iedidpr (a)
10°, (c) 20, (d) 3¢, and (e) 40. It could also steer by an equal amount in the opposite direction.

surface, we measure the radiation pattern in the horizontal plaimeFigs. 9 and 10. The first sidelobes had an average magnitude
This arrangement prevents unwanted reflections and extraneofis 15 dB with respect to the main beam. However, the left and
radiation from the feed horn from interfering with the measureight sidelobes typically had different values, and the greater of
ment, because they are absorbed by the ceiling or floor of tthe two was— 10 dB on average. An ideal radiator of this size
anechoic chamber. The experiment was also simplified by aslith 100% efficient uniform illumination would have a gain of
dressing the cells in rows, so the reflected beam was only stee?dddBi, a beamwidth of 14 and— 13 dB sidelobes. Thus, the
in the horizontal plane. By showing 1-D steering for two polaitunable reflector produces a nearly ideal pattern shape, but the
izations, we demonstrate the capability of 2-D steering, becauseasured gain is 7 dB less than ideal due to a combination of
the surface has fourfold rotational symmetry. Full 2-D steeringaterial loss, spillover, and phase errors.
would require each cell to be addressed individually, or scannedlo quantify the intrinsic efficiency of the tunable surface, we
using a row-and-column addressing scheme. measured the radiation pattern for a flat metal sheet of the same
The radiation patterns were measured for each set of contside, which is shown in Fig. 11. The metal reflector had a gain
voltages corresponding to several steering angles. For E-plafiet4 dBi, and a beamwidth of 20 The sidelobes appear as
steering, shown in Fig. 9, the feed horn is positioned so thglioulders on the main beam, at an average level of abdut
the electric field projected on the surface is oriented within thidB. Our tunable reflector had a narrower beamwidth than the
horizontal plane. For H-plane steering, shown in Fig. 10, thgetal reflector because our adaptive algorithm for optimizing
feed horn is rotated by 90 We found that the surface couldthe control voltages introduced curvature into the phase func-
steer a reflected beam ovey — 40° for both polarizations. The tion, which provided focusing. By integrating the pattern of the
measurements shown are for 4.5 GHz, but the radiation pattgfBtal surface, we estimate that the spillover efficiency is 46%,
could be optimized over a broad range of frequencies within tgcounting for 3.4 dB of the measured discrepancy from an ideal

tuning range of the surface. reflector. This factor primarily depends on the design of the feed
horn.
V1. PERFORMANCE SUMMARY By integrating the radiation pattern for the tunable surface at

The electronically steerable reflector had an average gaintbé O scan angle, we find a total efficiency of 30%. Assuming
about 14 dBi, and an average beamwidth of abodt &5 seen the same spillover loss as the metal sheet, the tunable surface can
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TABLE | \ /
PERFORMANCESUMMARY FOR THE ELECTRONICALLY STEERABLE REFLECTOR
COMPARED TOMEASUREMENTS OF AFLAT METAL SURFACE, AND AN IDEAL 1
SURFACE WITH UNIFORM |LLUMINATION 16 Lo ) ) ) ) ) ) a
43 4.4 45 4.6 4.7
tunable metal ideal
surface plate Frequency [GHZ]
i 14 dB 21dB . . . . . .
gain 148 Fig. 12. Average value of the first left and right sidelobes is plotted as a solid
line, and the higher of the two is plotted as a dashed line, as a function of
frequency. The data is averaged ovef — 40° scan angles. The surface was
beamwidth 15 degrees 20 degrees 14 degrees optimized for 4.5 GHz. The sidelobes degrade by 3 dB within a bandwidth of
about 8%.
spillover 46% 46% 100%
efficiency L. A . .
The remaining 1.7 dB reduction in the main beam compared
reflection to an ideal reflector is likely due to phase errors, which tend
9 P 100% . . . . .
efficiency 65% 100% ° to direct more energy into sidelobes. This could be improved
with more careful calibration and optimization of the control
total 30% 46% 100% voltages. The performance of the tunable reflector is summa-
efficiency . . .
rized, compared to the metal surface and an ideal reflector in
Table 1.
average - . . . . g .
sidelobes -15d8 -7 dB 13d8 The gain and beamwidth did not vary significantly with fre-
guency, so they are poor measures of the antenna bandwidth.
maximum 10dB 6dB 1348 Therefore, we choose to quantify the bandwidth using two pa-
sidelobes rameters that are more sensitive: beam squint, and sidelobe vari-
0.02 0.004 ation. By optimizing the surface for 4.5 GHz, and then exam-
squint degrees/MHz - degrees/MHz ining the radiation patterns at other frequencies, we found that
the peak direction of the main beam varied by about ORIz
bandwidth 8% _ - on average. Using this measure, the instantaneous bandwidth
of the antenna is limited by the beamwidth required. For ex-

ample, a 100 MHz signal would have a minimum beamwidth of
From (4), we find that the ideal average variation would be

be assigned a reflection efficiency of 65%, representing abdut . ) ,
1.9 dB of loss. This could be improved by using GaAs varacto& 004 /MHz over a+/ — 40° scan if the reflection phase were

which typically have lower loss, or by using a thicker surfacéf‘depende”t of frequency. To reduce the squint below this level

which would have a broader bandwidth. In general, the refle¢/ould require true time delay, rather than phase control. The

tion loss of a resonant textured surface is proportional to the Igi§erence between our measurement and the ideal case is due
in its constituent materials divided by its bandwidth to the frequency dependence of the phase function, and could
be improved by using a thicker surface.

LOSS\[aterial We can also quantify the bandwidth from the variation in the
5 (16) sidelobe levels. In Fig. 12, the surface was optimized for 4.5

GHz, and we plot the average and maximum sidelobe levels for
This is because structures with narrower bandwidth tend to haxgious frequencies. If we define the bandwidth as the frequency
higher electric field intensities within the dielectric regions, anthnge where the sidelobes are degraded by 3 dB, this surface has
greater current densities within the conductive regions. Coa-bandwidth of about 8%. As with the beam squint, this would
versely, the bandwidth of a resonant structure can be increabedyreater for a thicker structure, in which the phase curve would
by adding loss, although this is generally not desirable. have a broader natural bandwidth.

Los%urface o8
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VII. CONCLUSION [18] M.E.Bialkowskiand H.J. Song, “Investigations into a power combining
. . structure using a reflect array of dual-feed aperture coupled microstrip
We have described an electronically steerable reflector, based patch antennas|EEE Trans. Antennas Propagatol. 50, pp. 841-849,
on a resonant textured surface loaded with varactor diodes. By June 2002.

. . ] R. Waterhouse and N. Shuley, “Scan performance of infinite arrays of
varying the bias voltage across the varactors, we can change t 8 microstrip patch elements loaded with varactor diodéSEE Trans.

reflection phase of the surface as a function of frequency. We  antennas Propagatvol. 41, pp. 1273-1280, Sept. 1993.
can program the reflection phase across the surface to produl28] L. Boccia, F. Venneri, G. Amendola, and G. Di Massa, “Application of

: : : varactor diodes for reflectarray phase control,Pioc. IEEE Antennas
atunable phase gradient, which can steer a reflected microwave Propagat. Soc. Int, Sympol. 3, 2002, pp. 132135,

beam. We have demonstrated 2-D beam steering over a range] w, Lam, C. Jou, H. Chen, K. Stolt, N. Luhmann, and D. Rutledge, “Mil-
of +/ — 40° for both polarizations. We have also analyzed the  limeter wave diode grid phase shiftert?EE Trans. Microwave Theory

bandwidith for these and similar surfaces. This analysis suggesfs, IeCBh' %‘(’)'éfeer; Pp- iozLi—ugo; : ('\?"i";‘]y égsv\?. Bomier. and N. C. Luhmann

that structures where the field distribution is the most uniform™ ~ «pnased array operation of a diode grid impedance surf#€EE Trans.
tend to have the broadest bandwidth, and that the bandwidth is Antennas Propagatvol. 42, pp. 565-572, Apr. 1994.

uItimater limited by the thickness. The surface used in our e)([23] D. Sievenpiper, J. Schaffner, R. Loo, G. Tangonan, S. Ontiveros, and R.
. . 0 L. . Harold, “A tunable impedance surface performing as a reconfigurable
periments has a bandwidth of about 8%, which is sufficient for  peam steering reflector|EEE Trans. Antennas Propagatol. 50, pp.

many modern communication requirements. Because it consists 384-390, Mar. 2002.
of nothing more than printed circuit boards and varactors, thi€4 H- Wheeler, "Fundamental limitations of small antennd&oc. IRE

| icall bl Id | vol. 35, p. 1479, 1947.
electronically steerable antenna could serve as a low-cost SUE%S] L. Chu, “Physical limitations of Omni-directional antennas,”Appl.

stitute for many conventional phased arrays. Phys, vol. 19, p. 1163, 1948.
[26] J.McLean, “A re-examination of the fundamental limits on the radiation
Q) of electrically small antennaslEEE Trans. Antennas Propagatol.

ACKNOWLEDGMENT 44, p. 672, May 1996.
. . . [27] L. Brillouin, Wave Propagation in Periodic StructureglcGraw-Hill,
The authors would like to thank M. Musni for help with the 19486.
fabrication of the surface. [28] D. Sievenpiper and J. Schaffner, “Advances in electronic beam steering

using electronically tunable impedance surfacsEE APS Symp. Dig.
vol. 4, p. 262, 2002.
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