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TRUE-TIME DELAY, LOW PASS LENS 

REFERENCE TO GOVERNMENT RIGHTS 

2 
tive patches. The dielectric sheet has a front surface and a 
back surface. The first 2-D grid of capacitive patches is 
mounted directly on the back surface of the dielectric sheet, 
and the second 2-D grid of capacitive patches is mounted 

This invention was made with government support under 
FA9550-ll-1-0050 awarded by the Air Force Office of 
Scientific Research and under 1101146 awarded by the 
National Science Foundation. The government has certain 
rights in the invention. 

5 directly on the front surface of the dielectric sheet. The first 
2-D grid of capacitive patches is aligned with the second 2-D 
grid of capacitive patches to form a time delay circuit at each 
grid position of the aligned 2-D grids. The signal processor 
is configured to receive a digital data stream and to trans-

10 form the received digital data stream into an analog signal. 
BACKGROUND The electromagnetic wave feed element is configured to 

receive the analog signal, and in response, to radiate a 
spherical radio wave toward the first 2-D grid of capacitive 
patches. The time delay circuit at each grid position of the 

A frequency selective surface (FSS) is designed to pro
vide optional frequency filtering in a single medium rather 
than a restriction to a fixed frequency response. FSSs are 
surface constructions generally comprised of a periodic 
array of electrically conductive elements. In order for its 
structure to affect electromagnetic waves, the FSS has 
structural features at least as small, and generally signifi
cantly smaller than a wavelength of operation based on a 
frequency of the electromagnetic wave with which the FSS 

15 aligned 2-D grids is selected to re-radiate the spherical radio 
wave in the form of a second radio wave. 

Other principal features and advantages of the invention 
will become apparent to those skilled in the art upon review 
of the following drawings, the detailed description, and the 

20 appended claims. 

is used. The FSS may be formed of a metamaterial that 
includes a plurality of inductive-capacitive (LC) cells that 
are arranged in an array. The array may be planar, and a 
plurality of arrays may be stacked one upon the other to form 25 

a lens. Each cell in the array forms an LC resonator that 
resonates in response to incident electromagnetic radiation 

BRIEF DESCRIPTION OF THE DRAWINGS 

Illustrative embodiments of the invention will hereafter be 
described with reference to the accompanying drawings, 
wherein like numerals denote like elements. 

FIG. 1 depicts a one-dimensional (1-D) side view of a 
transmitter in accordance with an illustrative embodiment. at frequencies which vary as a function of the shape of the 

LC cell. FIG. 2 depicts a time delay profile of a center mounted 
30 feed element of the transmitter of FIG. 1 in accordance with 

SUMMARY an illustrative embodiment. 
FIG. 3 depicts a lens structure of the transmitter of FIG. 

1 in accordance with an illustrative embodiment. 
FIG. 4 depicts a pixel structure of the lens structure of 

35 FIG. 3 in accordance with an illustrative embodiment. 

A lens is provided. The lens includes a first two-dimen
sional (2-D) grid of capacitive patches and a first sheet layer. 
The first sheet layer includes a dielectric sheet and a second 
2-D grid of capacitive patches. The dielectric sheet has a 
front surface and a back surface. The first 2-D grid of 
capacitive patches is mounted directly on the back surface of 
the dielectric sheet, and the second 2-D grid of capacitive 
patches is mounted directly on the front surface of the 40 

dielectric sheet. The first 2-D grid of capacitive patches is 
aligned with the second 2-D grid of capacitive patches to 
form a time delay circuit at each grid position of the aligned 
2-D grids. 

A transmitter is provided that includes a lens and an 45 

electromagnetic wave feed element. The lens includes a first 
two-dimensional (2-D) grid of capacitive patches and a first 
sheet layer. The first sheet layer includes a dielectric sheet 
and a second 2-D grid of capacitive patches. The dielectric 
sheet has a front surface and a back surface. The first 2-D 50 

grid of capacitive patches is mounted directly on the back 
surface of the dielectric sheet, and the second 2-D grid of 
capacitive patches is mounted directly on the front surface of 
the dielectric sheet. The first 2-D grid of capacitive patches 
is aligned with the second 2-D grid of capacitive patches to 55 

form a time delay circuit at each grid position of the aligned 
2-D grids. The electromagnetic wave feed element is con
figured to receive a signal, and in response, to radiate a 
spherical radio wave toward the first 2-D grid of capacitive 
patches. The time delay circuit at each grid position of the 60 

aligned 2-D grids is selected to re-radiate the spherical radio 
wave in the form of a second radio wave. 

A transmitter system is provided that includes a lens, a 
signal processor, and an electromagnetic wave feed element. 
The lens includes a first two-dimensional (2-D) grid of 65 

capacitive patches and a first sheet layer. The first sheet layer 
includes a dielectric sheet and a second 2-D grid of capaci-

FIG. 5 depicts an equivalent circuit for the pixel structure 
of FIG. 4 in accordance with an illustrative embodiment. 

FIG. 6 depicts a flow diagram illustrating example opera
tions performed in designing the lens structure of FIG. 3 in 
accordance with an illustrative embodiment. 

FIG. 7 depicts a block diagram of a lens design system in 
accordance with an illustrative embodiment. 

FIG. 8 shows a comparison between a full-wave simu
lated transmission phase and an ideal linear transmission 
phase for different zones of a lens prototype having the 
structure of the lens structure of FIG. 3 in accordance with 
an illustrative embodiment. 

FIG. 9 shows the expected focusing gain of the lens 
prototype in accordance with an illustrative embodiment. 

FIG. 10 depicts a block diagram of a transmitter system 
incorporating the transmitter of FIG. 1 in accordance with an 
illustrative embodiment. 

DETAILED DESCRIPTION 

With reference to FIG. 1, a one-dimensional (1-D) side 
view of a transmitter 100 is shown in accordance with an 
illustrative embodiment. Transmitter 100 may include a lens 
102 and an electromagnetic wave feed element 104. As 
known to a person of skill in the art, the wavelength of 
operation "-c of transmitter 100 is defined as "-c=c/fc, where 
c is the speed of light and fc is the carrier frequency. As an 
example, for fc E [1, 15] Gigahertz (GHz), "-c E [30,2] 
centimeters (cm). 

Lens 102 has a front surface 106 and a back surface 108 
and has a thickness 110 between front surface 106 and back 
surface 108. Lens 102 may be formed of a plurality of 
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frequency selective surface (FSS) layers. Lens 102 further 
has an aperture length 112. In an illustrative embodiment, 
lens 102 has a circular aperture. As a result, aperture length 
112 is an aperture diameter, D, though a circular aperture is 
not required. 

4 
different time delay profiles that form correspondingly dif
ferent output waves. For example, each time delay element 
of lens 102 can be configured such that lens 102 acts as a 
concave lens. Thus, any other time delay profile can be 

5 generated as needed based on the particular design goals for 
transmitter 100. Electromagnetic wave feed element 104 may be a dipole 

antenna, a monopole antenna, a helical antenna, a microstrip 
antenna, a patch antenna, a fractal antenna, a feed horn, a 
slot antenna, etc. Electromagnetic wave feed element 104 is 
positioned a focal distance 114, fd, from lens 102. Electro- 10 

magnetic wave feed element 104 is configured to receive an 
analog or digital signal, and in response, to radiate a spheri-

With reference to FIG. 3, lens 102 is shown in accordance 
with an illustrative embodiment. In the illustrative embodi
ment, lens 102 includes a first sheet layer 300, a second sheet 
layer 302, a third sheet layer 304, and a first 2-D grid of 
capacitive patches 316. In alternative embodiments, lens 102 
may include a fewer or a greater number of sheet layers. 
Lens 102 may be circular, elliptical, or polygonal in shape. 
First sheet layer 300 includes a second 2-D grid of capacitive 

cal radio wave 116 toward front surface 106 oflens 102. The 
plurality of FSS layers oflens 102 act as time delay circuits 
that re-radiate spherical radio wave 116 in the form of a 
planar wave 118. Though transmitter 100 is described as 
transmitting electromagnetic waves, as understood by a 
person of skill in the art, transmitter 100 may be a trans
ceiver and configured to both send and receive electromag
netic waves. Additionally, a receiver system may use a 20 

similar architecture as that described with reference to 

15 patches 305 and a first dielectric sheet 306. Second sheet 
layer 302 includes a third 2-D grid of capacitive patches 308 
and a second dielectric sheet 310. Third sheet layer 304 
includes a fourth 2-D grid of capacitive patches 312 and a 
third dielectric sheet 314. Each dielectric sheet has a front 
surface and a back surface. Each 2-D grid of capacitive 
patches has a front surface and a back surface. Front surface 
106 of lens 102 corresponds to the front surface of second 
2-D grid of capacitive patches 305. Back surface 108 
corresponds to the back surface of first 2-D grid of capaci-

transmitter 100 as understood by a person of skill in the art. 
As understood by a person of skill in the art, spherical 

radio wave 116 reaches different portions of front surface 
106 at different times. Lens 102 can be considered to be 
populated with a plurality of pixels each of which act as a 
time delay unit by providing a selected time delay within the 
frequency band of interest. Given aperture length 112 and 
focal distance 114, the time delay profile provided for lens 
102 to form planar wave 118 can be calculated. 

For example, as shown with reference to FIG. 2, assuming 
electromagnetic wave feed element 104 is aligned to emit 
spherical radio wave 116 at the focal point of lens 102, the 
time it takes for each ray to arrive at front surface 106 oflens 
102 is determined by the length of each ray trace, i.e., the 
distance traveled by the electromagnetic wave traveling at 
the speed of light. The minimum time corresponds to the 
propagation time of the shortest ray trace, which is the line 
path from electromagnetic wave feed element 104 to a 
center 120 of front surface 106 of lens 102. The maximum 
time corresponds to the propagation time of the longest ray 
trace, which is the line path from electromagnetic wave feed 
element 104 to an edge 122 of front surface 106 oflens 102. 

The resulting time delay across front surface 106 of lens 
102 for an aperture length 112 of 18.6 cm and a focal 
distance 114 of30 cm is shown as a time delay curve 200 in 
FIG. 2. Time delay curve 200 indicates the excess free-space 
time delay for a ray arriving at an arbitrary point on front 
surface 106 oflens 102 between center 120 and edge 122 of 
front surface 106 of lens 102. To achieve beam collimation, 
or form planar wave 118, lens 102 is configured as a 
two-dimensional (2-D) array of time delay elements that 
provide the reverse time delay profile as indicated by a time 
profile curve 202. Time profile curve 202 has a minimum 
value, zero, at edge 122 of front surface 106 oflens 102, and 
increases to a maximum value at center 120 of front surface 
106 of lens 102. The maximum value can be calculated as 

( (~f +JJ -fd)/c. 

Of course, a fixed time delay can be added to each time 
delay element of lens 102. Thus, time profile curve 202 is 
merely an illustrative configuration. Additionally, each time 
delay element of lens 102 can be configured to generate 

25 tive patches 316. 
The back surface of second 2-D grid of capacitive patches 

305 is mounted directly on the front surface of first dielectric 
sheet 306. The front surface of first 2-D grid of capacitive 
patches 316 is mounted directly on the back surface of third 

30 dielectric sheet 314. Third 2-D grid of capacitive patches 
308 is mounted directly on the front surface of second 
dielectric sheet 310 and directly on the back surface of first 
dielectric sheet 306. Fourth 2-D grid of capacitive patches 
312 is mounted directly on the front surface of third dielec-

35 tric sheet 314 and directly on the back surface of second 
dielectric sheet 310. Thus, lens 102 is formed as a multi
layered frequency selective surface composed of a number 
of closely spaced metallic layers (2-D grids of capacitive 
patches) separated from one another by dielectric substrates 

40 ( dielectric sheets). Each metallic layer is in the form of a 2-D 
periodic arrangement of sub-wavelength capacitive patches. 
For example, lens 102 may be formed by bonding different 
dielectric substrates together using a bonding film such as a 
prepreg, which is a reinforcement material pre-impregnated 

45 with a polymer or resin matrix in a controlled ratio. Ther
mosetting polymers/resins solidify by cross-linking to create 
a permanent network of polymer chains as understood by a 
person of skill in the art. 

As used in this disclosure, the term "mount" includes join, 
50 unite, connect, associate, insert, hang, hold, affix, attach, 

fasten, bind, paste, secure, bolt, screw, rivet, solder, weld, 
glue, form over, layer, etch, and other like terms. The 
phrases "mounted on" and "mounted to" include any interior 
or exterior portion of the element referenced. As used herein, 

55 the mounting may be a direct mounting between the refer
enced components or an indirect mounting through inter
mediate components between the referenced components. 

With reference to FIG. 4, second 2-D grid of capacitive 
patches 305 is shown in accordance with an illustrative 

60 embodiment. In the illustrative embodiment, second 2-D 
grid of capacitive patches 305 includes a plurality of pixels 
420 arranged in a square grid though other grid shapes such 
as circular may be used in alternative embodiments. The 
plurality of pixels 420 of second 2-D grid of capacitive 

65 patches 305 forms a seven by seven grid of capacitive 
patches. An upper left grid position may be referenced as 
1,1; an upper right grid position may be referenced as 1,7; 
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low pass filter that is implemented at each pixel of the 
plurality of pixels 420 to form a true time delay, low pass 
circuit. More specifically, equivalent circuit 500 acts as a 7th 
order low pass filter as a result of the number of capacitive 

a lower left grid position may be referenced as 7,1; and a 
lower right grid position may be referenced as 7,7. Thus, 
center 120 of front surface 106 may be referenced as grid 
position 4,4 of the plurality of pixels 420 that form second 
2-D grid of capacitive patches 305. 5 patch layers, four, and dielectric sheet layers, three, that 

form each pixel. The grids of first 2-D grid of capacitive patches 316, 
second 2-D grid of capacitive patches 305, third 2-D grid of 
capacitive patches 308, and fourth 2-D grid of capacitive 
patches 312 are aligned to form a time delay circuit at each 
grid position of the aligned 2-D grids. For example, a pixel 
400 of the plurality of pixels 420 may be formed in first sheet 
layer 300, second sheet layer 302, third sheet layer 304, and 
first 2-D grid of capacitive patches 316. Thus, pixel 400 
includes a first capacitive patch 402, a second capacitive 
patch 406, a third capacitive patch 410, and a fourth capaci- 15 

tive patch 414. Pixel 400 further includes a first dielectric 
patch 404, a second dielectric patch 408, and a third dielec
tric patch 412. First capacitive patch 402 is directly mounted 

To achieve different time delays over the desired fre
quency range, the plurality of pixels 420 can be designed to 
have linear transmission phases with different slopes. The 

10 steeper the slope of the transmission phase, the larger the 
time delay it will provide. The group delay is determined by 
several factors including both the order of the filter and the 
fractional bandwidth. 

on a front surface of first dielectric patch 404. Fourth 
capacitive patch 414 is directly mounted on a back surface 20 

of third dielectric patch 412. Second capacitive patch 406 is 
directly mounted on a front surface of second dielectric 
patch 408 and is directly mounted on a back surface of first 
dielectric patch 404. Third capacitive patch 410 is directly 
mounted on a front surface of third dielectric patch 412 and 25 

is directly mounted on a back surface of second dielectric 
patch 408. 

With reference to FIG. 6, operations associated with 
designing lens 102 are described in accordance with an 
illustrative embodiment. The operations may be performed 
by a lens design application 718 shown with reference to 
FIG. 7. Additional, fewer, or different operations may be 
performed depending on the embodiment. The order of 
presentation of the operations of FIG. 6 is not intended to be 
limiting. Thus, although some of the operational flows are 
presented in sequence, the various operations may be per
formed in various repetitions, concurrently, and/or in other 
orders than those that are illustrated. 

Lens 102 is assumed to be located in an x-y plane where 
xis defined in the width 416 direction and y is defined in the 
length 418 direction. Lens 102 is further assumed to have a 
circular aperture with diameter of D as described with 
reference to FIG. 1. The travel time it takes for the wave 

30 originated at focal point 104 to arrive at an arbitrary point on 
front surface 106 of lens 102 with coordinates (x,y,z=0) is 
calculated as: 

In the illustrative embodiment of FIG. 4, lens 102 has a 
width 416 and a length 418 that are equal and correspond to 
aperture length 112. First capacitive patch 402, second 
capacitive patch 406, third capacitive patch 410, and fourth 
capacitive patch 414 fit within the dimensions of first 
dielectric patch 404, second dielectric patch 408, and third 
dielectric patch 412. First dielectric patch 404, second 
dielectric patch 408, and third dielectric patch 412 have a 35 

width dimension 422 and a length dimension 424. Thickness 
110, width dimension 422, and length dimension 424 of 
pixel 400 are typically less than a minimum "-c defined for 
the frequency band of interest for transmitter 100. For 
example, thickness 110, width dimension 422, and length 40 

dimension 424 are typically less than 1.0, 0.5, and 0.5, 
respectively, of the minimum "-c selected for transmission by 
transmitter 100. Though in the illustrative embodiment, 
pixel 400 has a rectangular shape pixel 400 may be circular, 
elliptical, or form other polygonal shapes. 45 

As stated previously, each pixel of the plurality of pixels 
420 forms a time delay circuit based on the arrangement of 
capacitive patch layers and dielectric sheet layers selected to 
form lens 102. For example, with reference to FIG. 5, an 
equivalent circuit 500 for pixel 400 is shown in accordance 50 

with an illustrative embodiment. Equivalent circuit 500 
includes a first capacitor C1 associated with a capacitance 
created by first capacitive patch 402, a second capacitor C2 

associated with a capacitance created by second capacitive 
patch 406, a third capacitor C3 associated with a capacitance 55 

created by third capacitive patch 410, and a fourth capacitor 
C4 associated with a capacitance created by fourth capacitive 
patch 414 arranged in parallel as shunt capacitors. 

Equivalent circuit 500 further includes a first transmission 
line with characteristic impedance Z1 and length h1 associ- 60 

ated with first dielectric patch 404, a second transmission 
line with characteristic impedance Z2 and length h2 associ
ated with second dielectric patch 408, and a third transmis
sion line with characteristic impedance Z3 and length h3 

associated with third dielectric patch 412 arranged in series 65 

between the shunt capacitors associated with the adjacent 
capacitive patch(es). Thus, equivalent circuit 500 acts as a 

T(x,y,FO)~Vx2+y2+J/!c 

where O<Yx2 +y2<D/2. The time delay profile that needs to 
be provided by the lens can be calculated as: 

TD(x,y,Fh)~(Y(Dl2)2+fl-r)/c+t0 (1) 

where r=V~2 +y2+f/ and t0 >0 is an arbitrary constant, which 
represents a constant time delay added to the response of 
every pixel of the plurality of pixels 420 of lens 102. The 
phase profile at the operating frequency can be calculated 
from: 

(2) 

where <l>0 is a positive constant that represents a constant 
phase delay added to the response of every pixel of the 
plurality of pixels 420 oflens 102, ko=2Jt!A0 is the free space 
'Yave number, A0 is the free space wavelength, and r= 

Vx2 +y2 +f/ is the distance between an arbitrary point on the 
aperture of lens 102 specified by its coordinates (x, y, z=0) 
and the focal point of lens 102 (x=0, y=0, z=-fd)-

To ensure that output surface 108 of lens 102 represents 
an equiphase and an equi-delay surface, two conditions are 
satisfied across the aperture. First, the time delay profile 
provided for each pixel calculated from equation (1) is 
approximately the same over the desired band of operation. 
Second, the phase shift profile at the operating frequency is 
approximately equal to that calculated from equation (2). 
Satisfying these two conditions ensures that the signal 
carried by the incident wave is not distorted. Moreover, it 
ensures that planar wave 118 at the output of lens 102 is 
spatially coherent over the desired frequency range. Equa
tion (1) is essentially the negative derivative of equation (2) 
with respect to the frequency, which is expected since, by 
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definition, the group delay is defined as the negative deriva
tive of the phase with respect to the frequency. Therefore, 
satisfying the phase condition in equation (2) at each fre
quency point within the desired frequency range automati
cally leads to the satisfaction of equation (1 ). 

With reference to FIG. 6, in an operation 600, a desired 
center frequency of operation is received. For example, a 
user may execute lens design application 718 which causes 
presentation of a first user interface window, which may 
include a plurality of menus and selectors such as drop down 
menus, buttons, text boxes, hyperlinks, additional windows, 
etc. associated with lens design application 718. The user, 
for example, may enter the frequency into a text box or 
select the frequency from a drop down menu. As understood 
by a person of skill in the art, the first user interface window 
is presented on a display 714 (shown with reference to FIG. 
7) under control of the computer-readable and/or computer
executable instructions of lens design application 718 
executed by a processor 708 (shown with reference to FIG. 
7) of a lens design system 700 (shown with reference to FIG. 
7). As the user interacts with the first user interface presented 
by lens design application 718, different user interface 
windows may be presented to provide the user with more or 
less detailed information related to designing lens 102. Thus, 
as known to a person of skill in the art, lens design 
application 718 receives an indicator associated with an 
interaction by the user with a user interface window pre
sented under control of lens design application 718. Based 
on the received indicator, lens design application 718 per
forms one or more operations. 

In an operation 602, an operational bandwidth for lens 
102 is received. For example, the user may enter the 
bandwidth into a text box or select the bandwidth from a 
drop down menu. In an operation 604, a desired size of the 
aperture of lens 102 is received. For example, for lens 102 
having a circular shape, the user may enter the diameter D 
into a text box or select the diameter D from a drop down 
menu. In an operation 606, a desired focal distance fd for 
lens 102 is received. For example, the user may enter the 
focal distance fd into a text box or select the focal distance 
fd from a drop down menu. 

To define the time delay for each pixel of the plurality of 
pixels 420, the aperture of lens 102 may be divided into M 
concentric zones with identical pixels populated within each 
zone. In an operation 608, a number of discrete regions or 
zones into which to divide the aperture of lens 102 is 
received. For example, the user may enter the number of 
zones into a text box or select the number of zones from a 
drop down menu. In general, the number of pixels, and thus, 
time delay elements may be selected to provide a time delay 
profile with as much continuity as possible, which in turn 
results in time delay elements that are as small as possible 
compared to the wavelength band of interest. 

In an operation 610, a time delay and phase delay profile 
is determined for each zone using equations (3) and ( 4), 
respectively, below: 

(3) 

8 
received. For example, the user may enter the filter order 
into a text box or select the filter order from a drop down 
menu. Alternatively, lens design application 718 may auto
matically calculate the filter order of each pixel based on the 

5 maximum time delay and phase delay. 
The time delay provided by each pixel is a function of the 

order of the filter and its bandwidth. Decreasing the band
width of the filter or increasing the order of the filter 
increases the time delay achievable from it. In this design 

10 application, the time delay from the lens and the bandwidth 
of the lens are known. Most microwave filter design hand
books have tables and figures that show the group delay 
responses of standard low-pass filters with different response 
types and orders. Once the required time delay from each 

15 pixel and the desired bandwidth of the lens are determined, 
the minimum order of the filter that provides the required 
time delay can be determined by checking these standard 
filter responses. Any order higher than this minimum order 
also satisfies the response for the lens design. Alternatively, 

20 the filter order can be determined using computer simula
tions of equivalent circuit model 500. The order of the filter 
can initially be estimated and the response of the equivalent 
circuit model 500 simulated based on the estimate. Based on 
the simulated response, the order of the filter can be 

25 increased or decreased as necessary and the simulation 
process repeated to obtain the exact minimum order of the 
filter that provides a desired group delay. The number of 
dielectric sheet layers used to form each pixel of the plurality 
of pixels 420 is defined as the desired filter order minus one 

30 and divided by two. 
In an operation 614, the equivalent circuit capacitance and 

transmission line and length values are defined to achieve 
the maximum time delay and phase delay profile defined for 
the center pixel oflens 102 given the desired filter order. In 

35 an operation 616, the characteristics of each dielectric patch 
and of each capacitive patch of the center pixel is calculated 
to provide a linear transmission phase with the steepest slope 
(or largest time delay) over the selected operational band
width. In an operation 618, the equivalent circuit capaci-

40 tance and transmission line impedance, and length values 
are defined to achieve the time delay and phase delay profile 
defined for each zone in equations (3) and (4), respectively, 
given the desired filter order. 

In an operation 620, the characteristics of each dielectric 
45 patch and of each capacitive patch of the pixels in each zone 

are calculated to provide the time delay and phase delay 
profile defined for each zone in equations (3) and ( 4), 
respectively. The most important factor in the design of each 
pixel of the plurality of pixels 420 is the desired time-delay 

50 required from it. The time delay that a pixel is configured to 
provide can be calculated as described previously. Once this 
time-delay is known the frequency-dependent phase delay 
that the pixel is configured to provide can be determined, for 
example, as shown with reference to FIG. 8. The design 

55 process for each pixel starts with determining the parameters 
of the equivalent circuit model shown in FIG. 5. These 
include the values of the capacitors, the lengths of the 
transmission lines, and the characteristic impedance values 
of the transmission lines. The characteristic impedance 

(4) 60 values of the transmission lines are related to the dielectric 
constant values of the dielectric substrates used in the lens. 

where rm =Y~m 2y m 
2 + f/, and where Xm.Y m are the distances to 

the center of each zone and where m=0,1, ... ,M-1. 
The number of capacitive patch layers and dielectric sheet 

layers that form each pixel may be selected based on the 65 

filter order selected to achieve the maximum time delay. In 
an operation 612, a desired filter order for lens 102 is 

The equivalent circuit model 500 is designed to provide a 
transmission phase which closely matches the required 
frequency-dependent transmission phase (or required time
delay) from the pixel. This design process can be accom
plished following the well-known microwave filter design 
techniques and with the aid of computer aided design (CAD) 
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tools to simulate the response of the equivalent circuit model 
500 to ensure that the desired phase response is achieved. 

As part of this design process, the designer has the 
freedom of choosing the dielectric constant of the dielectric 
substrates used ( e.g. first dielectric patch 404, second dielec
tric patch 408, and third dielectric patch 412 in FIG. 5). This 
determines the type of the material that can be employed. 
Commercially available dielectric substrates can usually be 
used for this purpose (e.g. Roger 5580 from Rogers Corpo
ration). Once the complete parameters of the equivalent 
circuit model 500 are determined, these values are mapped 

10 
embodiment. Lens design system 700 may be a computing 
device of any form factor such as a personal digital assistant, 
a desktop, a laptop, an integrated messaging device, a smart 
phone, a tablet computer, etc. In an illustrative embodiment, 

5 lens design system 700 may include an input interface 702, 
an output interface 704, a computer-readable medium 706, 
and processor 708. Fewer, different, and additional compo
nents may be incorporated into lens design system 700. 

Input interface 702 provides an interface for receiving 
10 information from the user for entry into lens design system 

700 as known to those skilled in the art. Input interface 702 
may interface with various input technologies including, but 
not limited to, a mouse 710, a keyboard 712, display 714, a 
track ball, a keypad, one or more buttons, etc. to allow the 

to the physical parameters of the pixel such as pixel 400. The 
thicknesses of the transmission lines used in the equivalent 
circuit model 500 are the same as the thicknesses of first 
dielectric patch 404, second dielectric patch 408, and third 
dielectric patch 412. The last remaining item is to determine 
the physical dimensions of the capacitive patches used in 
each pixel. The designer has some flexibility in choosing the 
dimensions of each pixel (422 and 424 in FIG. 4). Once 
these dimensions are determined, the dimensions of first 
capacitive patch 402, second capacitive patch 406, third 
capacitive patch 410, and fourth capacitive patch 414 are 
determined. Assuming that width dimension 422 and a 
length dimension 424 are equal, the initial dimensions of 

25 
first capacitive patch 402, second capacitive patch 406, third 
capacitive patch 410, and fourth capacitive patch 414 can be 
determined from the following approximate formula: 

15 user to enter information into lens design system 700 or to 
make selections presented in a user interface displayed on 
display 714. The same interface may support both input 
interface 702 and output interface 704. For example, display 
714 comprising a touch screen both allows user input and 

20 presents output to the user. Lens design system 700 may 
have one or more input interfaces that use the same or a 
different input interface technology. The input devices fur
ther may be accessible by lens design system 700 through a 
communication interface (not shown). 

Output interface 704 provides an interface for outputting 
information for review by a user oflens design system 700. 
For example, output interface 704 may interface with vari
ous output technologies including, but not limited to, display 
714, a printer 716, etc. Lens design system 700 may have 
one or more output interfaces that use the same or a different 
interface technology. The output devices further may be 

2D 1 
C = E:oE:,JJ---;;-ln siwrs /2D 

(5) 30 

where E0=9.85xl0- 12
, is the permittivity of free space, Eeffis 

the effective permittivity of the dielectric substrates that 
surround each capacitive patch, D is length dimension 422, 
s is the difference between the length of a square capacitive 
patch and length dimension 422, and C is a capacitance 
value of equivalent circuit model 500. In equation (5), the 
values of all parameters other than s are known. Therefore, 
the above formula can be used to determine the value of s 
and therefore, the physical dimensions of each capacitive 
patch used in the formation of a pixel of lens 102 such as 
pixel 400. This formula, however, is approximate. There
fore, the physical dimensions predicted by equation (5) can 
be fine tuned using full-wave electromagnetic (EM) simu
lations with the initial dimensions obtained from equation 

accessible by lens design system 700 through the commu
nication interface. 

Computer-readable medium 706 is an electronic holding 
35 place or storage for information so that the information can 

be accessed by processor 708 as known to those skilled in 
the art. Computer-readable medium 706 can include, but is 
not limited to, any type of random access memory (RAM), 
any type of read only memory (ROM), any type of flash 

40 memory, etc. such as magnetic storage devices ( e.g., hard 
disk, floppy disk, magnetic strips, ... ), optical disks (e.g., 
CD, DVD, ... ), smart cards, flash memory devices, etc. 
Lens design system 700 may have one or more computer
readable media that use the same or a different memory 

45 media technology. Lens design system 700 also may have 
one or more drives that support the loading of a memory 
media such as a CD or DVD. 

(5) used as the initial values in a full-wave EM simulation. 
The response of each pixel is simulated to ensure that it 
provides the desired transmission phase response provided 50 

by the equivalent circuit model 500. 

Processor 708 executes instructions as known to those 
skilled in the art. The instructions may be carried out by a 
special purpose computer, logic circuits, or hardware cir
cuits. Thus, processor 708 may be implemented in hardware, 

If a non-square capacitive patch is used or if the physical 
dimensions of each pixel are not equal to each other, the 
above formula cannot be used. In such cases, for example, 

firmware, or any combination of these methods and/or in 
combination with software. The term "execution" is the 
process of running an application or the carrying out of the 
operation called for by an instruction. The instructions may 
be written using one or more programming language, script-
ing language, assembly language, etc. Processor 708 
executes an instruction, meaning that it performs/controls 
the operations called for by that instruction. Processor 708 
operably couples with input interface 702, with output 
interface 704, and with computer-readable medium 706. 
Processor 708 may retrieve a set of instructions from a 
permanent memory device and copy the instructions in an 
executable form to a temporary memory device that is 

for a circular shaped capacitive patch, the dimensions of the 55 

structure may be optimized using a full-wave EM simula
tion. In this case, the response of an individual pixel is 
simulated as part of an infinite periodic structure and its 
transmission phase and transmission magnitude are calcu
lated. The physical dimensions of the structure are modified 60 

as necessary to ensure that the transmission phase and 
magnitude responses obtained from the full-wave EM simu
lation match those obtained from the equivalent circuit 
model 500. In general, any shape of a pixel (rectangular, 
square, circular, elliptical, etc.) may be used. 65 generally some form of RAM. Lens design system 700 may 

include a plurality of processors that use the same or a 
different processing technology. 

With reference to FIG. 7, a block diagram of lens design 
system 700 is shown in accordance with an illustrative 
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Lens design application 718 performs operations associ
ated with designing lens 102. For example, lens design 
application 718 is configured to perform one or more of the 
operations described with reference to FIG. 6. The opera
tions may be implemented using hardware, firmware, soft
ware, or any combination of these methods. With reference 
to the example embodiment of FIG. 7, lens design applica
tion 718 is implemented in software (comprised of com
puter-readable and/or computer-executable instructions) 
stored in computer-readable medium 706 and accessible by 
processor 708 for execution of the instructions that embody 
the operations of lens design application 718. Lens design 
application 718 may be written using one or more program
ming languages, assembly languages, scripting languages, 
etc. Lens design application 718 may be implemented as a 
Web application. 

12 
developed by CST Computer Simulation Technology AG. 
The pixel structure defined for zone 1 was placed in a 
waveguide surrounded by periodic boundary conditions. 
The structure was excited by a plane wave and the trans-

5 mission phase and magnitude were calculated. 
The design parameters for the pixel structure defined for 

zone 1 was used as a reference for designing the pixel 
structures for the remaining zones, which have different 
group delays and different phase shifts. This was done by 

10 de-tuning the capacitive patch sizes of the design parameters 
for the pixel structure defined for zone 1 such that a linear 
transmission phase with different slopes could be achieved. 

The magnitude and phase responses of each pixel struc
ture were functions of angle and the polarization of inci-

15 dence of the electromagnetic wave. Because all of the pixel 
structures operated over relatively small incidence angles 
(less than 20°), they provided almost identical phase 
responses under oblique incidence angles for the transverse A prototype lens was designed and simulated. The pro

totype lens had a circular aperture with a diameter D of 16.2 
cm. The prototype lens was designed to operate over the 20 
frequency range of 6 to 10 GHz, with 16 concentric zones 
(M=16) and a focal length fd of 24 cm corresponding to a 
fjD ratio of 1.5. The maximum time delay variation over the 
aperture of the prototype lens was calculated to be 40 
picoseconds. Such a delay variation range can be achieved 

electric and transverse magnetic polarizations. 
The desired time delay values for each zone corresponded 

to ideal linear transmission phases with different slopes as 
shown with reference to FIG. 8. The highlighted region 
(from 6.5 to 10 GHz) is the desired frequency range of 
operation. The full-wave simulated transmission phase for 

25 each zone was optimized to a close proximity resulting in 
-±5° variation in comparison to the ideal linear phase as 
shown with reference to FIG. 8. 

by a seventh-order low pass true time delay pixel designed 
to have a linear transmission phase across the frequency of 
interest. The unit cell of a seventh-order true time delay pixel 
is composed of four capacitive layers separated from one 
another by three thin dielectric substrates as shown and 30 
described with reference to FIG. 4. The total thickness of 

With reference to FIG. 9, the expected focusing gain of 
the prototype lens is shown. As demonstrated by a focusing 
gain curve 900 shown in FIG. 9, the prototype lens had a 
potentially wideband operation from approximately 5 GHZ 

this seventh-order true time delay unit was approximately 
one cm. The thickness was determined from the transmis
sion line length shown in the equivalent circuit model in 
FIG. 5. In order to accommodate the design to the commer
cially available substrate thicknesses, Rogers 5880 substrate 
with thickness of 3.175 mm was used to model each 
transmission line in FIG. 5. Considering the Rogers 4450F 
bonding layer with the thickness of 0.101 mm between the 
adjacent Rogers 5880 substrates, the total thickness of the 
true time delay pixel was -1 cm. The different time delays 
were achieved by tuning capacitive patch sizes within each 
capacitive patch layer. With M=16 and 

ft_= 15 D . , 

eacn zone is popuiatea by pixels of the same type with a unit 
cell dimension of 6x6 millimeters. 

The predicted frequency response of the pixels was based 
on the assumption that the pixels operate in a 2-D periodic 
fashion though this is generally not true since the lens is 
inherently non-periodic. However, a local periodic assump
tion is still a valid approach in predicting the performance of 
the prototype lens. Following the design procedures 
described with reference to FIG. 6, the time delay and phase 
shift values are calculated for each zone. The maximum 
group delay provided by the center pixel corresponded to a 
steepest linear transmission phase with the largest slope in 
the desired frequency range. 

The pixels of zone 1 were optimized in a way such that the 
transmission phase of zone 1 was in as close proximity to 
this steepest linear transmission phase as possible within the 
desired frequency range. This optimization was carried out 
by a full-wave simulation executed using the CST Micro
wave Studio® 3D electromagnetic simulation application 

to 11.5 GHz. An antenna with a fractional bandwidth larger 
than 10% can be considered to be a wideband antenna, 
where the fractional bandwidth is the percentage of the 

35 antenna's actual bandwidth with respect to its center fre
quency of operation. For example, an antenna (or lens) 
working from 9.5 to 10.5 GHz having a 1 GHz bandwidth 
and a center frequency of operation of 10.0 GHz has a 
fractional bandwidth of 10% and can be classified as pro-

40 viding a wideband signal. The expected near field focusing 
property was also numerically examined. The measured 
focal point of the prototype lens stayed constant over the 
desired 6 to 10 GHz operational band. 

FIG. 10 shows a block diagram of a transmitter system 
45 1000 in accordance with an illustrative embodiment. Trans

mitter system 1000 may include transmitter 100, a signal 
processor 1002, and a digital data stream generator 1004. 
Different and additional components may be incorporated 
into transmitter system 1000. Transmitter 100 may include 

50 a plurality of electromagnetic wave feed elements arranged 
to form a uniform or a non-uniform linear array, a rectan
gular array, a circular array, a conformal array, etc. In an 
illustrative embodiment, the plurality of electromagnetic 
wave feed elements are mounted on a focal surface (1-D or 

55 2-D) relative to lens 102. 
Signal processor 1002 forms an analog signal or a digital 

signal that is sent to transmitter 100. The digital signal may 
be modulate on an RF carrier. Signal processor 1002 may be 
implemented as a special purpose computer, logic circuits, 

60 or hardware circuits and thus, may be implemented in 
hardware, firmware, software, or any combination of these 
methods. Signal processor 1002 may receive data streams in 
analog or digital form. Signal processor 1002 may imple
ment a variety of well-known processing methods, collec-

65 tively called space-time coding techniques, which can be 
used for encoding information into digital inputs. Signal 
processor 1002 further may perform one or more of con-
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verting a data stream from an analog to a digital form and 
vice versa, encoding the data stream, modulating the data 
stream, up-converting the data stream to a carrier frequency, 
performing error detection and/or data compression, Fourier 
transforming the data stream, inverse Fourier transforming 5 

the data stream, etc. In a receiving device, signal processor 
1002 determines the way in which the signals received by 
transmitter 100, acting as a receiver, are processed to decode 
the transmitted signals from a transmitting device, for 
example, based on the modulation and encoding used at the 10 

transmitting device. 
Digital data stream generator 1004 may be an organized 

set of instructions or other hardware/firmware component 
that generates one or more digital data streams for trans
mission wirelessly to a receiving device. The digital data 15 

streams may include any type of data including voice data, 
image data, video data, alpha-numeric data, etc. 

The word "illustrative" is used herein to mean serving as 

14 
3. The lens of claim 1, further comprising: 
a plurality of additional sheet layers, wherein each sheet 

layer of the plurality of additional sheet layers com
prises 
a second dielectric sheet comprising a front surface and 

a back surface; and 
a third 2-D grid of capacitive patches mounted directly 

on the front surface of the second dielectric sheet; 
wherein the third 2-D grid of capacitive patches is aligned 

with the second 2-D grid of capacitive patches to 
further form the time delay circuit at each grid position 
of the aligned 2-D grids that acts as the low pass filter; 
and 

further wherein the back surface of the second dielectric 
sheet of each sheet layer of the plurality of additional 
sheet layers is mounted directly on a front surface of a 
2-D grid of capacitive patches of a previous sheet layer 
that includes the first sheet layer. 

4. The lens of claim 3, wherein a filter order of the low 
pass filter is defined as 2*Nrs+l, where Nrs is a number of 
the plurality of additional sheet layers plus one. 

5. The lens of claim 4, wherein dimensions of the first 2-D 
grid of capacitive patches, the second 2-D grid of capacitive 
patches, and the third 2-D grid ofcapacitive patches of each 
sheet layer of the plurality of additional sheet layers are 

an example, instance, or illustration. Any aspect or design 
described herein as "illustrative" is not necessarily to be 20 

construed as preferred or advantageous over other aspects or 
designs. Further, for the purposes of this disclosure and 
unless otherwise specified, "a" or "an" means "one or 
more". Still further, the use of "and" or "or" is intended to 
include "and/or" unless specifically indicated otherwise. 25 configured to provide a predetermined time delay at each 

grid position based on a capacitance value provided by each 
capacitive patch of the first 2-D grid of capacitive patches, 
the second 2-D grid of capacitive patches, and the third 2-D 

The foregoing description of illustrative embodiments of 
the invention have been presented for purposes of illustra
tion and of description. It is not intended to be exhaustive or 
to limit the invention to the precise form disclosed, and 
modifications and variations are possible in light of the 30 

above teachings or may be acquired from practice of the 
invention. The embodiments were chosen and described in 
order to explain the principles of the invention and as 
practical applications of the invention to enable one skilled 

grid of capacitive patches of each sheet layer of the plurality 
of additional sheet layers. 

6. The lens of claim 5, wherein a dielectric constant and 
a thickness of the dielectric sheet and the second dielectric 
sheet of each sheet layer of the plurality of additional sheet 
layers are further configured to provide the predetermined 
time delay at each grid position based on a characteristic 
impedance value provided by each of the dielectric sheet and 

in the art to utilize the invention in various embodiments and 35 

with various modifications as suited to the particular use 
contemplated. It is intended that the scope of the invention 
be defined by the claims appended hereto and their equiva
lents. 

What is claimed is: 
1. A lens comprising: 
a first two-dimensional (2-D) grid of capacitive patches; 

and 
a first sheet layer comprising 

a dielectric sheet comprising a front surface and a back 
surface, wherein the first 2-D grid of capacitive 
patches is mounted directly on the back surface of 
the dielectric sheet; and 

a second 2-D grid of capacitive patches mounted 
directly on the front surface of the dielectric sheet; 

wherein the first 2-D grid of capacitive patches is aligned 
with the second 2-D grid of capacitive patches to form 
a time delay circuit at each grid position of the aligned 
2-D grids that acts as a low pass filter. 

2. The lens of claim 1, further comprising: 

of the second dielectric sheet of each sheet layer of the 
plurality of additional sheet layers. 

7. The lens of claim 6, wherein the low pass filter defines 
40 an equivalent circuit for the time delay circuit that includes 

the capacitance value provided by each capacitive patch of 
the first 2-D grid of capacitive patches, the second 2-D grid 
of capacitive patches, and the third 2-D grid of capacitive 
patches of each sheet layer of the plurality of additional 

45 sheet layers in parallel between the characteristic impedance 
value provided by each of the dielectric sheet and of the 
second dielectric sheet of each sheet layer of the plurality of 
additional sheet layers. 

8. The lens of claim 5, wherein the capacitance value is a 
50 function of an effective permittivity of the dielectric sheet 

and the second dielectric sheet of each sheet layer of the 
plurality of additional sheet layers that surrounds each 
capacitive patch of the first 2-D grid of capacitive patches, 
the second 2-D grid of capacitive patches, and the third 2-D 

55 grid of capacitive patches of each sheet layer of the plurality 
of additional sheet layers. 

a second dielectric sheet comprising a front surface and a 
back surface, the back surface of the second dielectric 
sheet mounted directly on a front surface of the second 
2-D grid of capacitive patches opposite the dielectric 60 

sheet; and 

9. A transmitter comprising: 
a lens comprising 

a first two-dimensional (2-D) grid of capacitive 
patches; and 

a first sheet layer comprising 
a third 2-D grid of capacitive patches mounted directly on 

the front surface of the second dielectric sheet; 
wherein the third 2-D grid of capacitive patches is aligned 

with the second 2-D grid of capacitive patches to 65 

further form the time delay circuit at each grid position 
of the aligned 2-D grids. 

a dielectric sheet comprising a front surface and a 
back surface, wherein the first 2-D grid of capaci
tive patches is mounted directly on the back 
surface of the dielectric sheet; and 

a second 2-D grid of capacitive patches mounted 
directly on the front surface of the dielectric sheet; 
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wherein the first 2-D grid of capacitive patches is 
aligned with the second 2-D grid of capacitive 
patches to form a time delay circuit at each grid 
position of the aligned 2-D grids that acts as a low 
pass filter; and 

an electromagnetic wave feed element configured to 
receive a signal, and in response, to radiate a spherical 
radio wave toward the second 2-D grid of capacitive 
patches; 

wherein the time delay circuit at each grid position of the 10 

aligned 2-D grids is selected such that the lens re
radiates the spherical radio wave as a second radio 
wave. 

10. The transmitter of claim 9, wherein the lens further 
15 

comprises: 
a second dielectric sheet comprising a front surface and a 

back surface, the back surface of the second dielectric 
sheet mounted directly on a front surface of the second 
2-D grid of capacitive patches opposite the dielectric 
sheet; and 

20 

a third 2-D grid of capacitive patches mounted directly on 
the front surface of the second dielectric sheet· 

wherein the third 2-D grid of capacitive patches is ~ligned 
with the second 2-D grid of capacitive patches to 25 
further form the time delay circuit at each grid position 
of the aligned 2-D grids. 

11. The transmitter of claim 9, wherein the lens further 
comprises: 

a plurality of additional sheet layers, wherein each sheet 
layer of the plurality of additional sheet layers com-
prises 
a second dielectric sheet comprising a front surface and 

a back surface; and 

30 

a third 2-D grid of capacitive patches mounted directly 35 
on the front surface of the second dielectric sheet· 

wherein the third 2-D grid of capacitive patches is align:d 
with the second 2-D grid of capacitive patches to 
further form the time delay circuit at each grid position 
of the aligned 2-D grids that acts as the low pass filter; 40 
and 

further wherein the back surface of the second dielectric 
sheet of each sheet layer of the plurality of additional 
sheet layers is mounted directly on a front surface of a 
2-D grid of capacitive patches of a previous sheet layer 45 
that includes the first sheet layer. 

~2. The transmitter of claim 9, wherein the electromag
netic wave feed element comprises a plurality of electro
magnetic wave feed elements configured to receive a plu
rality of signals, and in response, to radiate a plurality of 50 
spherical radio waves toward the second 2-D grid of capaci
tive patches. 

13. The transmitter of claim 9, wherein the signal is a 
wideband pulsed signal having a fractional bandwidth of 
greater than 10%. 

14. The transmitter of claim 9, wherein the second radio 
wave is a planar wave. 

15. A transmitter system comprising: 
a lens comprising 

55 

a first two-dimensional (2-D) grid of capacitive 60 
patches; and 

a first sheet layer comprising 
a dielectric sheet comprising a front surface and a 

back surface, wherein the first 2-D grid of capaci-

16 
tive patches is mounted directly on the back 
surface of the dielectric sheet; and 

a second 2-D grid of capacitive patches mounted 
directly on the front surface of the dielectric sheet· 

wherein the first 2-D grid of capacitive patches i~ 
aligned with the second 2-D grid of capacitive 
patches to form a time delay circuit at each grid 
position of the aligned 2-D grids that acts as a low 
pass filter; 

a signal processor configured to receive a digital data 
stream and to transform the received digital data stream 
into an analog signal; and 

an electromagnetic wave feed element configured to 
receive the analog signal, and in response, to radiate a 
spherical radio wave toward the second 2-D grid of 
capacitive patches; 

wherein the time delay circuit at each grid position of the 
aligned 2-D grids is selected such that the lens re
radiates the spherical radio wave as a second radio 
wave. 

16. The transmitter system of claim 15, wherein the lens 
further comprises: 

a second dielectric sheet comprising a front surface and a 
back surface, the back surface of the second dielectric 
sheet mounted directly on a front surface of the second 
2-D grid of capacitive patches opposite the dielectric 
sheet; and 

a third 2-D grid of capacitive patches mounted directly on 
the front surface of the second dielectric sheet· 

wherein the third 2-D grid of capacitive patches is ~ligned 
with the second 2-D grid of capacitive patches to 
further form the time delay circuit at each grid position 
of the aligned 2-D grids. 

17. The transmitter system of claim 15, wherein the lens 
further comprises: 

a plurality of additional sheet layers, wherein each sheet 
layer of the plurality of additional sheet layers com
prises 
a second dielectric sheet comprising a front surface and 

a back surface; and 
a third 2-D grid of capacitive patches mounted directly 

on the front surface of the second dielectric sheet· 
wherein the third 2-D grid of capacitive patches is align:d 

with the second 2-D grid of capacitive patches to 
further form the time delay circuit at each grid position 
of the aligned 2-D grids that acts as the low pass filter; 
and 

further wherein the back surface of the second dielectric 
sheet of each sheet layer of the plurality of additional 
sheet layers is mounted directly on a front surface of a 
2-D grid of capacitive patches of a previous sheet layer 
that includes the first sheet layer. 

18. The transmitter system of claim 15, wherein the 
electromagnetic wave feed element comprises a plurality of 
electromagnetic wave feed elements configured to receive a 
plurality of signals, and in response, to radiate a plurality of 
spherical radio waves toward the second 2-D grid of capaci
tive patches. 

19. The transmitter system of claim 15, wherein the signal 
is a wideband pulsed signal having a fractional bandwidth of 
greater than 10%. 

20. The transmitter system of claim 15, wherein the 
second radio wave is a planar wave. 

* * * * * 


