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Abstract—We report on an innovative reconfigurable antenna
concept with significant practical relevance based on the dynamic
definition of metal-like conductive plasma channelsin high-resis-
tivity silicon that are activated by the injection of dc current. The
plasma channelsare precisely formed and addressed using current
high-resolution silicon fabrication technology. These dynamically
defined plasma-reconfigurable antennas enable frequency hop-
ping, beam shaping, and steering without the complexity of RF
feed structures. This concept shows promise for delivering the
performance and capabilities of a phased array, but at a reduced
cost. However, challenges such as p-i-n biasing circuit complexity
and their nonlinearities, as well as antenna efficiency, would still
require further investigations.

Index Terms—Holographic antennas, plasma antennas,
reconfigurable antennas, silicon, SPIN devices.

|. BACKGROUND

HE last several years have seen an exponential growth in

the development of reconfigurable antennas, i.e., antennas
whose aperture can be dynamically modified to enable different
functions at different times. The antenna aperture can be specif-
ically tailored to the application at hand, greatly increasing an-
tennaefficiency and signal-processing speed, while maintaining
a high degree of flexibility. The development efforts include
real-time or even partial reconfigurability using either semicon-
ductor or microelectromechanical switches (MEMS). For ex-
ample, Chang et al. [1] utilized p-i-n diode switches to recon-
figure a leaky mode patch antenna.

Along these lines, we have developed an exciting and
innovative approach based on silicon technology to implement
dynamic antenna aperture reconfiguration. It is based on using
lateral p-i-n devices as conductive radiating elements in a
REConfigurable APerture (RECAP) [2]. p-i-n devices act
as plasma islands when injected by carriers, thus alowing
full control on form, shape, and function of these plasma
metallic-like radiators [3]. This approach generally leads
to a high level of reconfiguration flexibility and numerous
attainable configurations. They can be used to reconfigure, hop,
shape, and steer the antenna radiation pattern.
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Antennafunctionality depends on the antenna’ sradiating ele-
ments' parameters, such asthe sizes, shapes, and positionsof the
radiating elements over the aperture. Modifying (i.e., reconfig-
uring) the parameters of these radiating elements enables using
the same antenna aperture for multiple functions [4]-{10]. For
example, the conventional method to achieve reconfigurability
isto alow reconnectivity between the various predefined con-
ducting regions, using multiple switches to change the size or
shape of the antenna aperture. In our approach, there are no
predefined conductive patterns, only well-defined channels on
the Surface of the high resistivity silicon wafer. Lateral p-i-n
devices are the basic building blocks of these channels (SPIN
devices), which are optimized to achieve arelatively high con-
ductivity (10'® carrier/cm®) that is near that of a metal, under
dc control [11]. Injection of dc current into a SPIN device will
create carriers in the intrinsic region (I-region), which will ap-
pear to be metal-like and conductive at RF frequencies. The con-
ductivity of the surface p-i-n devices depends on a number of
factors, including the carrier lifetime, carrier concentration, and
channel depth.

Our approach is based on semiconductor (i.e., silicon) pro-
cessing technology. Silicon technology was sel ected to develop
these SPIN devices to create well-defined plasma channels, as
high resolution is easily achieved today utilizing lithographic
technology on silicon. We have developed novel processing
techniques to achieve high-performance high-yield lateral p-i-n
devices. The developed processin silicon aso has the potential
for low-cost mass production, and high degree of integration as
dc feed lines, control circuitry, and even RF-feed can be part of
the developed antennas.

This innovative plasma concept can enable a truly reconfig-
urable aperture, rather than the conventional switchable config-
urationsthat use multiple switches. For comparison andillustra-
tion, Fig. 1 shows a conventional reconfigurable copper dipole
antenna, and a similar one made of plasma. The conventional
reconfigurable dipole will use the multiplicity of switches to
change the dipole length, whereas the plasma approach dynam-
ically defines the dipole shape and length using SPIN devices
with dc control.

We have proposed the configuration shown in Fig. 2 for im-
plementing reconfigurable antennas. The antenna comprises an
active semiconductor (silicon) layer, on which an z-y grid of
SPIN devices is formed. These diodes are addressable by an
integrated control circuitry located at the back of the radiating
aperture. The dc-bias lines are feed-through p-i-n’ s that are part
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Fig. 1. Reconfigurable dipoles. (a) Metal strips connected/isolated using
(MEMS or p-i-n) switches. (b) Plasma islands are activated or deactivated to
reconfigure the dipole.

of the RF multilayer structure. Meanwhile, the z-y grid and dc
control approach allows precise definition of plasma channels.
The locations and shapes of these defined channels can be pre-
cisely addressed over the whole processed silicon wafer, using
less power in comparison to the optically controlled channels
[4]-{10].

This concept of antenna reconfigurability can be extended to
include reconfiguring a structure, tweaking an existing one, or
alowing frequency hopping. The grid (shown in Fig. 2) under
dc control can be dynamically reconfigured, for example, to
“paint” various novel antenna structures. Wired antennas are
good examples for reconfigurability demonstration because
we can define wired elements such as dipoles, folded dipoles,
bow ties, and Yagi antennas. Meanwhile, antennas such as
patches or any other surface-type antennas can be defined
using a mesh-type structure. Fig. 3 shows various forms of
these antennas, including a holographic antenna [12], [13].
It is important here to recognize that there is always a need
for RF feed. In the case of a wired antenna, for example, the
RF feed is a fixed one, and for a holographic antenna, it can
be either an integrated feed or space feed (see Figs. 2 and 3).
In the following sections, we will describe the SPIN device
development efforts and the various validation experiments to
prove the feasibility of this approach.

We have also developed mathematica models for calcu-
lating the holographic fringes required for generating a given
far-field pattern. The developed schemes include multibeam
and antenna steering. The algorithm complexity required for
setting various holograms will depend on the desired array
flexibility. For preset-scan patterns, beam lookup tables would
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Fig. 2. (a) Plasma grid structure is fabricated on the top of the silicon wafer
using SPIN devices; thereis an integrated feed, dc circuitry and control aswell.
Biasp-i-n’sare used for bias connectivity (integrated feed). (b) Cross section of
the plasma grid structure illustrating layer interconnection.
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Fig. 3. Various wired antenna configurations that can be implemented using
the grid structure. The configurationsinclude dipole, folded dipole, bow tie, and
holographic antenna fed by a horn (space-fed). The same concept can be used
for polarization control and frequency hopping.

suffice, for example. However, for areal-time scan with varying
beam-shape characteristics, these calculations would have to
be performed “on the fly.” A more rigorous analysis of the
holographic antennas including excitation has been also carried
out [13] using electromagnetic simulation.
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Fig. 4. Structure of lateral p-i-n diode device, length of the intrinsic I-layer = W, its depth = 7", length of the metal contact pad = L.,,, athin oxide layer is

used to bond the SPIN device to a silicon wafer or other substrate layers.

II. SPIN DEVICE DEVELOPMENT

The principle of the reconfigurable antenna is based on sur-
face p-i-n devices as radiating elements. Thelow resistance of a
p-i-n device biased in the forward direction depends on the car-
rier lifetime of the device. A high carrier lifetime can be easily
achieved when using high-resistivity silicon wafers[14]. Hence,
SPIN devices are fabricated on high-resistivity silicon. From
the RF point-of-view, a multilayer structure is needed to pre-
vent moding and excessive RF losses [13] where the very thin
high-resistivity silicon layer is one of this multilayer structure.
In addition, we use silicon for several reasons, i.e., large size,
the easy availahility of low-cost high-quality silicon wafers, and
their excellent mechanical strength and high thermal conduc-
tivity relative to other semiconductor materials. The carrier life-
timein high-resitivity silicon devicesisalso high. Thesefactors
favor silicon as alow-cost high-yield device material.

Sincethe SPIN devices are not used asaclassical p-i-n diode
microwave switch, their layout is significantly different from
the standard microwave device. Thetraditional monolithic p-i-n
diode [15] is a vertical device, where the central “intrinsic or
low doped” layer is stacked between heavily doped N* and P™
layers. The “1” layer dimensions are selected based on the oFF
state isolation, reverse breakdown voltage, and switching speed
goals. A cylindrical-shaped mesa-etched device is common for
discrete devices, with a thermal oxide to passivate the exposed
sidewall silicon to reduce surface trapping and maintain high
breakdown characteristics.

Our application requires quite a different structure. The de-
vicemust belateral, withthe“1” layer fully exposed from thetop
of the wafer. The SPIN device is required to provide along “1”
layer, where the injection of carriers under forward bias creates
a steady-state plasma of free carriers. Thisregion of highly mo-
bile chargesthen mimicsthe electrical performance of ametallic
conductor. In the oFF state, we want the“1” layer to exhibit high
resistance and have small parasitic capacitive coupling between
contacts, but the reverse breakdown voltage and switching speed
are not first-order concerns. It is desirable to make the metal
contacts joining adjacent diodes as narrow as possible. For this
application, to minimize the drive current and thermal dissipa-
tion within the device, agood device should confinethe carriers
to be close to the top surface of the wafer and have long car-
rier lifetime. Ultimately, if atwo-dimensional (2-D) diode grid

isused to “paint” new antenna configurations, lateral isolation
between devicesis also required.

Fig. 4 illustrates the SPIN device structure. This is an ex-
tremely simple semiconductor device. It requires only N* and
P* regions and metal contacts to connect adjacent devices[16],
[17]. The SPIN device process is hot complicated, using only
5-6 photomask layers. The design rules are very relaxed, with
3 um asthe smallest feature size. All fabrication steps are com-
patible with processing on a standard silicon line. The lot pro-
cessing cycle timeis short, and should provide very high yield
with low cost.

In the SPIN device, the carriers are confined to the top
surface. The device dimensions, doping concentrations, and
boundary layers are optimized to trap carriers in well-defined
channels approaching high concentration levels exceeding
10'® /cm?® with minimal dc drive current. The thickness of
these plasma islands is within 2—3 skin depths, and separated
from the device body by an oxide layer [17], [18]. Also, lateral
isolation between neighboring devices can be enhanced by
using trenches[17] (see Table| for the device design approach).

Our application requires the SPIN device or channel to be
conductive. As stated, conductivity, which isfunction of carrier
lifetime, is achieved by the high concentration of carriers near
the aperture surface. The carrier lifetime, asafunction of device
layout and process variations, can be easily assessed by mea-
suring the device's forward-bias resistance, and by observing
the recovery transient time constants in returning to the oFr-
state condition. Based on published experimental results [18],
carrier lifetimesin excess of 5 iis are possible. The carrier dif-
fusion length isthe square root of the product of carrier lifetime
and the diffusion constant (estimated at 35 cm?/s). This leads
to an estimate for the length of the “I” layer to be in the range
of 100-200 ;sm. To emulate a metallic conductor with silicon,
the density of injected carriers must be very high, in the range
of 10'*—10" per cm?. For a 50-pm-wide device, this level of
plasmadensity can beachieved at acurrent level of 20 mA. For a
plasma density of approximately 10'® carriers'cm?®, alayer that
isathree-skin depth is approximately 30-50 zm (within our op-
erating frequency range) in thickness. By effectively confining
the vertical and lateral dimensions of the conducting channel,
the drive current and, hence, power requirements and thermal
load on the structure, can be minimized. Vertical confinement
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TABLE |
SiLICON SPIN DEevICE DESIGN APPROACH

Requirement

Design Approach

Injected carrier density >10" per cm®

Injected carrier plasma extends across |

Make the length of the intrinsic layer (W) =100-200pm

Minimize required drive current

Reduce the active region thickness (T)

- Chemically etch to thin substrate
- Use bonded wafer with buried oxide for isolation

Make device disappear in OFF state

Make metal contact length (Ly)<< length of the intrinsic [
region (W)

Lateral isolation between devices

(Spacing >recombination length) for spatial resolution

is achieved with the buried oxide layer of a bonded wafer sub-
strate.

We have performed aseries of simulationsto gaininsight into
the optimal configuration of the lateral SPIN device. Our basic
physics and assumptions were as follows.

1) Thecarrier hole and electron densitiesareequdl, i.e., p =
n. Sincethe carrier densities are high and of the same am-
plitude, ambipolar diffusion “D,” will dominate, due to
carrier-carrier scattering, i.e., D, ~ 16/1/1 + (n/1017).

2) Hole current (J = J,) dominates at the P-I contact and
electron current dominates (/ = .J,,) at the N-1 contact.
Since J, is zero at the N-I contact, the holes create a
built-in field that aids the electron flow. Thus, at the con-
tact, J = 2qDdn /dz|,=_,, /2, Where ¢ iselectron charge
and D isthe diffusion constant.

3) Surface recombination at sidewalls and Auger recombi-
nation (three carrier interactions) in the bulk must be con-
sidered. Also, under steady state, the diffusion equation
becomes

VD.(n)Vn —n

=0
T —yn2

1
where v isthe Auger coefficient and 7 isthe carrier lifetime.

One-Dimensional (1-D) Analysis: Ambipolar diffusion and
Auger recombination limit the diffusion length of the intrinsic
region of the p-i-n diode because both the ambipolar diffusion
constant and effective lifetime decrease dramatically with car-
rier density. We can describe this effect by defining an effective
diffusion length, L. = /D,(1/7, + yn?). The Auger coeffi-
cientisy = 2 x 1073! ¢cm®/s and we assume a large minority
carrier lifetime 7, = 200 pus. Table |1 demonstrates the dra-
matic reduction in effective diffusion length as carrier density
increases.

1-D Numerical Solution: We have computed a 1-D numer-
ical solution to the nonlinear partial differential equation (PDE)
to demonstrate the behavior of the carriers under the best of cir-
cumstances, i.e., when the contact extends from one side to the
next (100% fill factor), and the surface recombination velocity
at the sidewalls is zero (no surface recombination).

We first reformulate the equations to simplify applying
MATLAB’s ordinary differential equation solver to the
problem. We normalize the z-direction to the low-level dif-
fusion length L. = L, by neglecting Auger recombination
and using the maximum vaue of the ambipolar diffusion

TABLE I
DRAMATIC REDUCTION IN EFFECTIVE DIFFUSION
LENGTH AS CARRIER DENSITY INCREASES

n (carrier density) |L.(um) (carrier effective diffusion
length)

10' 564.6
10"’ 402
10" 48.5

2x10™ 20.8

5x10" 6.7
10" 22

constant 16 cm?/s. We obtain L, = 564 pm, normalize the
I-region half-width to L, so that d = W/2L,, and normalize
the carriers to some reference level ng. A convenient level is
that where the ambipolar diffusion constant begins to drop,
eg, ng = 1017 cm™3. We define K = y7,n% = 0.4. We
define the normalized current j, j = JL,/2¢gD,nr, and the
asymmetry constant B = (1, — pp)/{tin — pp). EQuation
(2) shows the resulting boundary condition problem, and (2)
is solved numerically using MATLAB function bvp4c, which
is a finite-difference code that implements the three-stage
Lobatto Illa formula. This is a collocation formula and the
collocation polynomial provides a Cl-continuous solution
that is fourth-order accurate uniformly in the interval. Mesh

selection and
vy =y /14 |yl

Yo =y1\/ 1 + Kyi
y2(—d) =j
y2(d) =— By @
error control are based on the residua of the continuous solu-
tion.

Fig. 5(a)(d) shows the results for normalized current j =
[1,2,5,10,20,50,100,200] from the bottom curve to the top
one. Thethree setsof curveslabeled n /n g versusdistance show
the electron density in the intrinsic region. They demonstrate
that the length of the intrinsic region must be approximately
100 ;zm to reach a carrier density of 10'® per cm® or better
(n/ng > 10) throughout the region without having too high
acarrier density adjacent to the contacts. In general, we do not
want to drive the device into extremely high injection regimes
because the high carrier density will cause significant injection
back into the contact regions, causing an additional contribution
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Fig. 5. Results for normalized current.

to current flow. Thisadditional contribution dueto diffusion cur-
rent in the contact regions does not add to the carrier density in
the intrinsic region, but adds significantly to power dissipation.
2-D Numerical Solution: The 1-D results indicate a min-
imum design criterion. However, carrier spreading and sidewal |
recombination must a so be considered since both effectsreduce
theaveragecarrier density. Therefore, we use2-D analysisto es-
timate the impact of these phenomena
The following equation (3) is the nonlinear PDE describing
carrier distributionsin theintrinsic region of ap-i-n diode under
high injection:
vt
V14 |y
We transform this equation into norma form, V#t = f(¢)
through the substitution v = (¢t + 2)?/4 — 1 0
that f(t) = (#3/4 + t) + K(t*/4 + £)®. We dis
cretize the equation using Newton's method to obtain
Lu* D — kD) = fla] — 45 f/[w()]. We then
numerically solve the PDE using successive over relaxation.
A program waswrittenin MATLAB’ s script language to per-
form this calculation. Several examples of the results are shown
below.

Vu—u— Ku®=0. ©)]
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Case I: Reflecting Sdewalls: Fig. 6 is characterized by
I-regionlength = 100 pum, diodewidth = 200 xm, and
contact width = 100 pm. By comparing the 1-D solution to
the 2-D solution along the center of the diode (y = 0), we can
estimate the effect of carrier spreading. In the case of reflecting
sidewalls, there is a small reduction (~ 5%) in the carrier
density at the center.

Case II: Absorbing Sdewalls. Fig. 7 is characterized by
I-regionlength = 100 pm, diodewidth = 200 xm, and
contact width = 100 pm. In this case, the surface recombina
tion velocity at the sidewallsis sufficiently high that we assume
that the carrier density goes to zero. Thisisthe worst case. The
first thing we natice is that the minimum carrier density has
been reduced by approximately 15%, in contrast to the previous
case. This can be interpreted as a portion of the applied current
going into lateral flow (opposing directionsfor the two carriers)
and not contributing to forming the steady-state carrier density.
This effect is magnified for narrow devices, as shown in Case
.

Caselll: Absorbing Sdewalls, Narrow Device: Fig. 8 below
is characterized by I-region length = 100 ;m, diode width =
50 pm, and contact width = 50 pzm. Note the significant reduc-
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Fig. 9. Assembled monopole unit. It consists of four regions, one metal on
aumina and three identical plasma islands. The assembly includes al the
required biasing and filtering.

tion in carrier density. All of the applied current basically goes
into surface recombination currents.

We conclude that either we have low surface recombination
at the sidewalls or that the sidewalls are at a considerable dis-
tance from the main flow of carriers, i.e., diode width must be
significantly greater than the contact width.

Several important predictions resulted from the simulations.

« Injected carrier densitiesin therangeweneed (10'* cm=3)
can be realized with short “1” layer lengths at or below
100 pm.

« |solation trenches can be tolerated even if they have high
surface recombination and if the walls are greater than
50 xm away from the active device channel.
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Fig. 10. Measured returnlossin decibels of the assembled monopole at four different bias settings. The performance demonstrates frequency-hopping operation.

* Increasing theinjection currents beyond what is necessary
for plasma densities around 10"® cm—2 will cause addi-
tional thermal load without increasing the“1” layer plasma
density.

» Deepdrive-inof thent and p* contact regionsis undesir-
able because it can result in back injection of carriersinto
the deep lower doping concentration areas.

» There is a strong dependence of the effective diffusion
length on the carrier concentration level. Thus, for given
required carrier concentrations, the diffusion length limits
the maximum length of the I-region, without considering
the effects of any recombination. This analysis showed
that the length of the “I” layer must be in the range of
100 zm.

These idealized simulations al so identified several important
design congtraints. First, the high dc injection level drives the
carrier recombination, and the carrier recombination places
a limit on the length of SPIN device for carrier densities of
10'® cm=3. Since the high injection level drives the recom-
bination mechanism, if the “I” layer is much longer than
approximately 100 m, pumping more carriers into the device
is not of much benefit. Secondly, the sidewalls are sites for
carrier recombination. This recombination at the sidewalls can
be tolerated as long as the sidewalls are at least 100 pm away
from the central axis of the device. This conclusion leads us to
adevice layout that has rather narrow contacts (approximately
50-1:m wide) with sidewall trenches at least 100 ;sm away on
either side. The derived optimum device geometry has been
utilized in the following proof-of-concept experiments.

I11. MONOPOLE ANTENNA PROOF-OF-CONCEPT EXPERIMENTS

A few basic questions needed answers before we could im-
plement this approach. These questionsincluded: Do the plasma
islands radiate? Can we use these antennas to demonstrate the
antenna’ s reconfigurability? And most importantly, what is the
efficiency of these radiators?

To answer these questions and concerns, we have selected
the hologram’s basic building block, the dipole, and we car-
ried out a few experiments to investigate the feasibility of this
approach. For structural simplicity, we have used a monopole

antenna structure as our first vehicle for validation and demon-
stration experiments.

First Experiment: An antenna structure was assembled
using SPIN devices with a 500-.:m I-region length utilizing a
bonded wafer. Fig. 9 shows the assembled monopol e structure.
We have demonstrated the antenna's reconfigurability by
turning ON or OFF various sections, to change the active length
of the assembled monopole antenna structure. As expected, as
more sections are turned ON, the operating frequency shifts to
lower values. Typically the monopole (if all sections are OFF)
operates at 3.25 GHz. When the first section is turned oN, the
operating frequency shifts down to 2 GHz. This can be demon-
strated by measuring the return loss of the monopole antenna
under different bias conditions (as seen in Fig. 10), where the
match at 2 GHz is now significantly enhanced. Similarly, by
turning oN the second and third sections of the assembled
monopole structure, the operating frequency shifts further
downto 1.6 and 1.5 GHz, respectively. This frequency-hopping
operation is one approach to reconfiguring the antennas.

Does this match enhancement reflect better antenna effi-
ciency or it is merely the result of more absorption? To answer
this, we measured the transmission coefficient (in the near
field) between two similar monopole antennas. We connected
two similar monopole antennas to ports 1 and 2 of a network
analyzer. A significant increase was noticed in the transmitted
power between the two similar antennas when similar sections
areturned on. The significant increase in the transmitted power
is a good indication that the enhanced match demonstrated
at the monopole operating frequencies correlates to better
radiation efficiency without more absorption.

We a so have measured the monopole antenna radiation pat-
tern (Fig. 11) at various operating frequencies They are typical
of those of a monopole antenna with a finite ground plane. Ef-
fects of bias lines and bias-line filtering were carefully moni-
tored to validate that the source of this radiation is definitely the
plasmaregion (the monopole region) and not, for example, the
bias lines.

Second Experiment: Our second experiment was very sim-
ilar to the first, except that we used devices with shorter length
(200 zzm) and much wider width (1500 ;m) I-regionsto build a
dipole antenna on abulk wafer. The dipole has five sections that
are switched oN by SPIN devices (see Fig. 12).



FATHY et al.: SILICON-BASED RECONFIGURABLE ANTENNAS

N

Finite
ground Monopole
[ [ ]
(@)
280 _
| L1
d
-43.7
g NIPN NN
5'51 T r/ ! I~ /
g | ! \ / \ A y /
; ! VAL
) TIAT/ N
I W
B
L 1
0.0 30.0 8.0 90.0 1200 150.0 180.0
SCAN ANGLE (DEGREES)
(b)

Fig. 11. (& Monopole antenna on top of afinite ground plane. (b) Measured
radiation pattern.

Test devices

CPW to
CPS balun

DC bias &
control lines

Plasma dipole Silicon wafer

radiator

Fig. 12. Monalithic dipole on a silicon wafer. The SPIN devices here have
220-um I-layer long. A balun was used for an RF feed.

The measured return loss in the oN and OFF states indicate
resonance of the dipole elements are enhanced when their cor-
responding sections are activated. The radiation pattern of the
assembl ed dipole was measured and calibrated against a copper
dipole reference version. The radiation patterns were very sim-
ilar, and the gain of the plasma antennas was approximately
10 dB below that of the copper version (see Fig. 13). Using a
bulk wafer did not lead to a high carrier confinement near the
surface.

Therefore, we repeated the same experiment using optimum
devices with a shorter I-region length of 140 ;m. This new de-
vice geometry is based on recent investigations of the device
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Fig. 14. Radiation pattern of the improved dipole antenna measured and
calibrated against that of the reference copper dipole.

geometry previously outlined where we have also used bonded
wafersto enhance the carrier concentrationsin the SPIN device
defined channels.

The radiation pattern of the assembled dipoles was measured
and calibrated against that of the reference copper dipole. The
radiation patterns were again very similar, and the gain of the
plasma antennas was only 4 dB below that of the copper ver-
sion (see Fig. 14). This relative improvement in gain perfor-
manceisrelated to the use of metal-like plasmaislandswith rel-
atively higher conductivity compared to that of the first assem-
bled dipole antenna with the 220-,m I-layer. This wafer with
the 140-,:m |-layer also has better carrier confinement than that
of the 500-xm I-layer that was used in Experiment 1. However,
higher carrier confinement is still anticipated with further pro-
cessing developments.

IV. PRACTICAL IMPLEMENTATION OF THE
RECONFIGURABLE MONOPOLES

What isthe practicality of thisapproach? To answer thisques-
tion, we need to discuss different issues, including dc power
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Fig. 15. Effect of dipole metallic resistivity on the gain and efficiency of a
half-wavelength dipole antenna.

consumption and effects of the bias arrangement on the RF per-
formance. For a device with a 140-;m |-layer, we need approx-
imately 20 mA and 1 V to turn each junction (SPIN device)
on. Hence, for an X -band (\/4) monopole, we need roughly a
20-mm length. Thisisapproximately equivalent to 70 junctions.
Hence, it would require 70 V to turn the devices oN (if junc-
tions are connected in series for example) and approximately
140-mW dc power dissi pation for thewhol e antenna. Obviously,
dc power dissipation is significantly reduced when operating at
higher frequencies.

Metallization conductivity affects the antenna gain and effi-
ciency. In general, metallic wire antennas’ gain and efficiency
7 are dightly affected by the type of metallization used in their
fabrication. Here is an example of a dipole antenna at 10 GHz
(shown in Fig. 15, and Table I11), where the gain and efficiency
(n) are given as afunction of their bulk resistively.

In Table 111, we have utilized the following formulato calcu-
late the overall antenna efficiency:

Rrad
=5
Rrad + Rohmic

where R, 4 istheradiation resistance of the antennaand Ropmic
isthe ohmiclossresistance. Tablelll showsthat if the antennais
made of copper, 771599.9%; if it wasmadeout of relatively lower
conductivity material with 10~2 €2 - cm, efficiency may dip well
below 90%. Using a highly doped semiconductor material [11]
with carrier concentration in the range of > 10*® carrier/em®
will lead to an efficiency exceeding 75%. Carrier concentra-
tion of > 10'® carrier/em® levels is achievable, according to
our SPIN device analysis. Based on our plasma dipole gain
measured results, an estimate of 30%—-40% overall antenna ef-
ficiency has been achieved, which trangates to approximately a
10" carrier/lem® carrier density. Also, from adc power dissipa-
tion point-of-view, simple calculations (similar to those above)
indicate that 4 W are required for an L-band dipole antenna,
relative to 0.4 W for an X-band A/2 dipole antennas. Hence, it
is anticipated to dissipate relatively lower dc power when oper-
ating at higher frequencies.
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V. CHALLENGES AND LIMITATIONS

Antenna Biasand Control: One of the challenges of the pro-
posed concept is to design and fabricate a biasing arrangement
that does not interfere with the RF operation of the antenna. A
candidate design comprises thin conducting p-i-n’s, embedded
in alow dielectric-constant layer and directed to the semicon-
ductor surface on the back side of the dielectric sheet. This ar-
rangement takes advantage of the fact that the primary radia-
tion field is polarized parallel to the antenna surface. Thus, ver-
tically mounted p-i-n’s will not substantially disturb the field.
Moreover, in view of the fact that the surface wave field is
highly localized near the surface, the biasing p-i-n’s need not be
long to avoid disturbance of the field by the ground plane. The
p-i-n’s are in contact with both the back terminals of the doped
semiconductor regions and the control and addressing board
through a set of bumps on both ends (see Fig. 2(b)). In other
words, the bias p-i-n layer is sandwiched between the mounted
semiconductor layer and the ground plane with the bias control
board. The control board in turn is located on the backside of
the ground plane.

In addition, the RF performance of thereconfigurable antenna
configuration is influenced by several factors. In the following,
we briefly address the main parameters, which have consider-
able effects on the antenna operation and, therefore, the antenna
performance and limitations:

Wafer Sze: It is obvious that the size of the antenna deter-
minesthelower frequency limit of operation. The practical size,
determined by semiconductor processing technology, is a 6-in
(or 150-mm) diameter. Therefore, alower frequency limit of ap-
proximately 2 GHz is expected. This is roughly calculated as
the longest half-wave dipole that can be accommodated on the
wafer surface. If a high dielectric constant front sheet is used,
this limit can be somewhat lower, as the resonant frequency of
the dipole is reduced. Thus, the lower frequency limit is estab-
lished basically by the technology of silicon processing.

At this lower frequency limit, the beamwidth attainable will
be comparable to that of a dipole in free space. To generate
narrow-band beams, the antenna size has to be larger relative
to the free-space wavelength of the signal of interest. There-
fore, the frequency of operation hasto be higher than the lower
limit, which is established only by antennamatching. Thislimi-
tation can be alleviated if amultielement antenna configuration
isused. Thelower frequency limit, though, is maintained, asthe
individual elements haveto still fit on asingle wafer. Stretching
the individual elements over several wafers (tiling), although
theoretically possible, isnot advisablein practice because of the
discontinuities involved.

Solid-Sate Plasma Density: In general, the higher the
semiconductor plasma density, the better the RF performance,
as the conductivity of the material approaches that of a perfect
conductor. However, an increase in the plasma density is at
the expense of more dense location of the diodes and the
applied dc-bias current. Thus, high-resolution addressing and
higher drive power are required. The plasmadensity needed for
satisfactory operation of the antenna is roughly determined by
the skin depth of penetration of the RF field into the plasma
regions. The longer the skin depth, the less the antenna's
efficiency due to surface losses. Device ssimulations indicated
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TABLE Il
EFFECT OF RESISTIVITY ON ANTENNA PERFORMANCE
Resistivity Gain (dBi) Conductor Loss (dB) | Efficiency | Comments
(Ohm.cm)
1.724E-7 2.02 0.01 99.9% Copper
2.655E-6 2.02 0.01 99.8% Aluminum
7.200E-5 1.99 0.04 99.2% Steel
1.000E-4 1.98 0.04 99.0%
1.000E-3 1.89 0.14 96.9%
1.000E-2 1.68 0.41 90.9% 10" cm™ impurity
concentration
1.000E-1 0.83 1.2 75.9%
1.000E+0 -1.03 -3.06 49.5%

that levels of 10'7 to 10'® carriersicm® are achievable with
SPIN devices lengths on the order of hundreds of micrometers.

Thermal Considerations and Packaging: In view of the fact
that there can be a considerable current drive in the semicon-
ductor, leading to the dissi pation of substantial amount of power,
special care has to be given to the antenna packaging and the
materialsused. High thermal conductivity and low RF dielectric
loss arerequired as the carrier sheet for the silicon wafer. More-
over, the sheet has to match the silicon materia in thermal ex-
pansion to avoid cracking over the large surface of the antenna.
Aluminum nitride, for example, appearsto be a good candidate
for use in the proposed configuration.

V1. SUMMARY AND CONCLUSIONS

The innovative reconfigurable aperture antenna con-
cept represents a qualitative advancement compared to the
state-of -the-art. This concept allows a great deal of operational
flexibility. In the last few years, antennas utilizing somewhat
similar concepts have been devel oped, with conductive patterns
formed by optical excitation of semiconductors. Although the
basic concept is similar, the implementation is quite different.
Optical excitation is plagued by a number of serious problems,
resulting in high-risk and high-cost devices. Excessively high
optical power levels combined with the need for high resolution
and high contrast irradiation create difficult problems for such
an approach.

Our novel approach usesjunction carrier injection in high-re-
sigtivity silicon, requiring much lower power levels and less ex-
pensive sources. In comparison to the optical excitation, our ap-
proach alows for a much more direct interface to the externa
feed circuitry, an important factor for the practical implementa-
tion of the reconfigurable antenna. In addition, high resolution
can be obtained since very small features in semiconductors are
continually produced.

The feasibility of the plasma antenna has, of course, de-
pended on the possibility of creating sufficiently conductive
patterns on semiconductors. It has been demonstrated that
carriers in semiconductors form plasma, which at high enough
levels causes the semiconductor to behave as a metdlic
medium. We have achieved carrier density levels on the order
of 10'"-10*® cm=3 through specia processing techniques
and carrier confinement channels. We have optimized the
SPIN device configuration to confine the plasma domains to
the surface of the antenna aperture. Plasma radiators have
been fabricated and their radiation patterns measured. Further
processing improvements are necessary to increase the carrier

confinement and isolation of the SPIN devices. We have also
demonstrated the use for this new technology for reconfig-
urable antennas by highlighting the monopole/dipole antenna
experiments. We believe that, following improvement of the
device characteristics, this technology shows feasibility and
promise for use in adaptive and reconfigurable antennas.

The reconfigurable antenna investigated here can be used
in severa different modes. Thus, planar-type radiators akin to
Yagi-type antennas can be used at relatively low frequencies.
Volume-type antennas, including the holographic type, can be
used at higher frequencies. In all modes, the reconfiguration
feature can be used to either optimize the antenna performance
at a given frequency or change its parameters electronically
(e.g., beam steering and frequency hopping).
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