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1
HYBRID ANALOG-DIGITAL PHASED MIMO
TRANSCEIVER SYSTEM

REFERENCE TO GOVERNMENT RIGHTS

This invention was made with government support under
1052628 awarded by the National Science Foundation. The
government has certain rights in the invention.

BACKGROUND

The proliferation of data hungry wireless applications is
driving the demand for higher power and bandwidth effi-
ciency in emerging wireless transceivers. Two recent techno-
logical trends offer synergistic opportunities for meeting the
increasing demands on wireless capacity: 1) multiple-input,
multiple-output (MIMO) systems that exploit multi-antenna
arrays for higher capacity by simultaneously multiplexing
multiple data streams, and ii) millimeter (mm) wave (mm-
wave) communication systems, operating in the 60-100 giga-
hertz (GHz) band that provides larger bandwidths. A key
advantage of mm-wave systems, and very-high frequency
systems in general, is that they offer high-dimensional MIMO
operation with relatively compact array sizes. In particular,
there has been significant recent interest in mm-wave com-
munication systems for high-rate (1-100 gigabit per second
(Gb/s)) communication over line-of-sight (LLoS) channels.
Two competing designs dominate the state-of-the-art: 1) tra-
ditional systems that employ continuous aperture “dish”
antennas and offer high power efficiency, but no spatial mul-
tiplexing gain, and ii) MIMO systems that use discrete
antenna arrays to offer a higher multiplexing gain, but suffer
from power efficiency.

SUMMARY

A transmitter supporting phased MIMO communications
is provided. The transmitter includes a signal processor, a
plurality of feed elements, and an aperture. The signal pro-
cessor is configured to simultaneously receive a plurality of
digital data streams and to transform the received plurality of
digital data streams into a plurality of analog signals. The
number of the plurality of digital data streams is selected for
transmission to a single receive antenna based on a deter-
mined transmission environment. The plurality of feed ele-
ments are configured to receive the plurality of analog signals,
and in response, to radiate a plurality of radio waves toward
the aperture. The aperture is configured to receive the radiated
plurality of radio waves, and in response, to radiate a second
plurality of radio waves toward the single receive antenna.

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
appended claims.

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 (1D) side view of a
communication system in accordance with an illustrative
embodiment.

FIG. 2a depicts a beampattern, corresponding to orthogo-
nal beams covering the entire spatial horizon, generated using
a transmitter system of the communication system of FIG. 1
in accordance with an illustrative embodiment.
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FIG. 25 depicts a beampattern generated using the trans-
mitter system and intercepted by a receive antenna of the
communication system of FIG. 1 in accordance with an illus-
trative embodiment.

FIG. 3 depicts a block diagram of the transmitter system in
accordance with an illustrative embodiment.

FIG. 4 depicts a one-dimensional (1D) side view of the
transmitter system in accordance with a first illustrative
embodiment.

FIG. 5 depicts a one-dimensional (1D) side view of the
transmitter system in a first mode in accordance with a second
illustrative embodiment.

FIG. 6 depicts a one-dimensional (1D) side view of the
transmitter system in a second mode in accordance with the
second illustrative embodiment.

FIG. 7a shows a double convex dielectric lens in accor-
dance with an illustrative embodiment.

FIG. 7b shows a conventional microwave lens in accor-
dance with an illustrative embodiment.

FIG. 7¢ shows a high-resolution, discrete lens array (DLA)
in accordance with an illustrative embodiment.

FIGS. 8a and 85 show a topology of the high-resolution
DLA of FIG. 7¢ in accordance with an illustrative embodi-
ment.

FIG. 9 shows a top view of the high-resolution DLA of
FIGS. 8a and 86 and magnitude and phase responses of
example pixels of the high-resolution DL A of FIGS. 84 and
85 in accordance with an illustrative embodiment.

FIG. 10a shows a side view of a general design of the
high-resolution DLA of FIGS. 8a and 85 in accordance with
an illustrative embodiment.

FIG. 105 shows a top view of a capacitive layer of the
high-resolution DLA of FIGS. 8a and 85 in accordance with
an illustrative embodiment.

FIG. 10¢ shows a top view of an inductive mesh layer with
sub-wavelength periodicity of the high-resolution DLA of
FIGS. 84 and 85 in accordance with an illustrative embodi-
ment.

FIG. 11a shows a topology of the high-resolution DLA of
FIGS. 8a and 85 illuminated with a simple feed antenna in
accordance with an illustrative embodiment.

FIG. 115 shows radiation patterns generated using the
topology of FIG. 11a in accordance with an illustrative
embodiment.

FIG. 12 depicts a second beampattern generated using the
transmitter system and intercepted by a receive antenna ofthe
communication system of FIG. 1 in accordance with a second
illustrative embodiment.

FIG. 13 depicts a third beampattern generated using the
transmitter system and intercepted by a receive antenna ofthe
communication system of FIG. 1 in accordance with a third
illustrative embodiment.

FIG. 14 depicts a fourth beampattern generated using the
transmitter system and intercepted by a plurality of receive
antennas in accordance with a fourth illustrative embodiment.

DETAILED DESCRIPTION

With reference to FIG. 1, aone-dimensional (1D) side view
of'a communication system 100 is shown in accordance with
an illustrative embodiment. Communication system 100 may
include a first antenna aperture 102 and a second antenna
aperture 104 which include a LoS link between the antenna
apertures. First antenna aperture 102 and second antenna
aperture 104 also may be linked in a multipath environment.
First antenna aperture 102 has a first aperture length 106
denoted A. Second antenna aperture 104 has a second aper-



US 8,811,511 B2

3

ture length 108 also denoted A. In alternative embodiments,
first antenna aperture 102 and second antenna aperture 104
may have different aperture lengths. In this case, when first
antenna aperture 102 is transmitting to second antenna aper-
ture 104, first aperture length 106 may be more explicitly
denoted A, and second aperture length 108 may be more
explicitly denoted A;. For purposes of discussion, first
antenna aperture 102 is denoted as a transmit antenna, and
second antenna aperture 104 is denoted as a receive antenna
though each antenna may be configured to support both func-
tions.

First antenna aperture 102 and second antenna aperture
104 are separated by a distance 110 denoted R measured
between a first centerpoint 112 of first antenna aperture 102
and a second centerpoint 114 of second antenna aperture 104.
A is assumed to be much smaller than R. A maximum angular
spread 116 defines the angular extent of energy intercepted by
second antenna aperture 104 when energy is transmitted from
first centerpoint 112 of first antenna aperture 102.

One or both of first antenna aperture 102 and second
antenna aperture 104 may be mounted on moving objects
such that distance 110 may change with time. As known to a
person of skill in the art, the communication environment
between first antenna aperture 102 and second antenna aper-
ture 104 may fluctuate due to changes in environmental con-
ditions such as weather, to interference sources, and to move-
ment between first antenna aperture 102 and second antenna
aperture 104 which changes the multipath environment, any
of which may cause a fluctuation in the received signal-to-
noise ratio even where the transmission power and other
signal characteristics such as frequency, pulsewidth, etc.
remain unchanged.

As known to a person of skill in the art, the wavelength of
operation A, is defined as A _=c/f_, where c is the speed of light
and f_ is the carrier frequency. As an example, for f £[60, 100]
GHz, A &[3,5] mm. First antenna aperture 102 and second
antenna aperture 104 may be continuous or quasi-continuous
apertures. For a given LoS link characterized by the physical
parameters (A,R,A ), as in FIG. 1, continuous aperture anten-
nas at the transmitter and the receiver can be equivalently
represented by critically sampled (virtual) n-dimensional uni-
form linear arrays (ULAs) with antenna spacing d=A /2,
where n=2A/}_ is a fundamental quantity associated with a
linear aperture antenna (electrical length). In other words, the
analog spatial signals transmitted or received by first antenna
aperture 102 and/or second antenna aperture 104 belong to an
n-dimensional signal space where n can be described as the
maximum number of independent analog (spatial) modes
supported by first antenna aperture 102 and/or second
antenna aperture 104.

Again, for simplicity, first antenna aperture 102 and second
antenna aperture 104 are indicated in FIG. 1 to have the same
aperture length A though this is not required. The n spatial
modes can be associated with n orthogonal spatial beams 200
that cover the entire (one-sided) spatial horizon -rt/2=¢=m/2
in FIG. 1 as illustrated in FIG. 2a. However, due to the finite
antenna aperture A of second antenna aperture 104, and large
distance R>>A between first antenna aperture 102 and second
antenna aperture 104, only a small number of modes/beams
202, p,,..<<n, couple first antenna aperture 102 and second
antenna aperture 104, and vice versa, as illustrated in FIG. 25.
Pomax €0 be described as the maximum number of indepen-
dent digital (spatial) modes supported by the LoS link
between first antenna aperture 102 and second antenna aper-
ture 104. The number of digital modes, p,,,,., is a fundamental
quantity related to the LoS link and can be calculated as
Pra~AY(RA). The p,, ., digital modes supported by the LoS
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link carry the information bearing signals from first antenna
aperture 102 to second antenna aperture 104 and govern the
link capacity. In other words, the information bearing signals
in the LoS link lie in a p,,,,-dimensional subspace of the
n-dimensional spatial signal space associated with first
antenna aperture 102 and second antenna aperture 104.

FIG. 3 shows a block diagram of a transmitter system 300
in accordance with an illustrative embodiment. A receiver
system may also use a similar architecture as known to a
person of skill in the art. Transmitter system 300 may include
a plurality of feed elements 301, a signal processor 302, a
processor 304, a digital data stream generator 306, and a
computer-readable medium 308. Different and additional
components may be incorporated into transmitter system
300. Components of transmitter system 300 may be inte-
grated to form a single component. For example, signal pro-
cessor 302 and processor 304 may be integrated to form a
single processor.

The plurality of feed elements 301 may be arranged to form
auniform or a non-uniform linear array, a rectangular array, a
circular array, a conformal array, etc. A feed element of the
plurality of feed elements 301 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. The plurality of feed elements 301 receive a plurality of
analog signals, and in response, radiate a plurality of radio
waves toward an aperture (not shown in FIG. 3). In an illus-
trative embodiment, the aperture is a lens and the plurality of
feed elements 301 are mounted on a focal surface (1D or
two-dimensional (2D)) relative to the lens.

Signal processor 302 forms a plurality of analog signals
sent to individual feed elements of the plurality of feed ele-
ments 301. Signal processor 302 may be implemented as a
special purpose computer, logic circuits, or hardware circuits
and thus, may be implemented in hardware, firmware, soft-
ware, or any combination of these methods. Signal processor
302 may receive data streams in analog or digital form. Signal
processor 302 may implement a variety of well-known pro-
cessing methods, collectively called space-time coding tech-
niques, which can be used for encoding information into p
digital inputs {x,(i)}. In the simplest case for spatial multi-
plexing x,(I), i=1, . . . p represent p independent digital data
streams. Signal processor 302 further may perform one or
more of converting a data stream received from processor 304
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 the data stream, etc. Ina
receiving device, signal processor 302 determines the way in
which the signals received by the plurality of feed elements
301 are processed to decode the transmitted signals from the
transmitting device, for example, based on the modulation
and encoding used at the transmitting device.

Processor 304 executes instructions that may be written
using one or more programming language, scripting lan-
guage, assembly language, etc. The instructions may be car-
ried out by a special purpose computer, logic circuits, or
hardware circuits. Thus, processor 304 may be implemented
in hardware, firmware, software, or any combination of these
methods. The term “execution” is the process of running an
application or the carrying out of the operation called for by
aninstruction. Processor 304 executes instructions. Transmit-
ter system 300 may have one or more processors that use the
same or a different processing technology.

Digital data stream generator 306 may be an organized set
of instructions or other hardware/firmware component that
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generates one or more digital data streams for transmission
wirelessly to areceiving device. The digital data streams may
include any type of data including voice data, image data,
video data, alpha-numeric data, etc.

Computer-readable medium 308 is an electronic holding
place or storage for information so that the information can be
accessed by processor 304 as known to those skilled in the art.
Computer-readable medium 310 can include, but is not lim-
ited to, any type of random access memory (RAM), any type
of read only memory (ROM), any type of flash 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. Transmitter system
300 may have one or more computer-readable media that use
the same or a different memory media technology.

FIG. 4 shows a schematic side view of a transmitter 400 in
accordance with an illustrative embodiment. A receiver may
also use a similar architecture as known to a person of skill in
the art. Transmitter 400 may include signal processor 302, the
plurality of feed elements 301, and first antenna aperture 102.
In the illustrative embodiment of FI1G. 4, the plurality of feed
elements 301 include a first feed element 402, a second feed
element 404, and a third feed element 406 mounted on a focal
surface 414 relative to first antenna aperture 102 which acts as
a lens. The number of the plurality of feed elements 301 may
be greater than or less than three.

Transmitter 400 is configured to perform two transforms. A
digital transform U, maps the p independent digital symbols
(corresponding to p simultaneous data streams) into n analog
symbols that excite n feeds on focal surface 414 of first
antenna aperture 102. The number of data streams p can be
anywhere in the range from 1 to p,,,..- The number of data
streams p can be selected based on a characteristic of the
communication link. For example, the characteristic of the
communication link may be the signal-to-noise ratio. For
example, a table may define various values for p based on
threshold values of the signal-to-noise ratio. As another
example, if the transmitter or receiver is moving, a lower p
may be used. An analog transform U, represents the action of
first antenna aperture 102 and propagation from the plurality
of feed elements 301 to first antenna aperture 102, which
effectively maps the n analog signals on focal surface 414 to
the spatial signals radiated by first antenna aperture 102.

Thus, signal processor 302 maps the digital data streams
received from processor 304 into n feed signals, x,(i),
i=1,...,n,viaadigital transform U,. The n feed signals excite
n feed elements of the plurality of feed elements 301. For
example, a first feed signal is sent to first feed element 402
using a first transmission line 408, a second feed signal is sent
to second feed element 404 using a second transmission line
410, and a third feed signal is sent to third feed element 406
using a third transmission line 412. In an illustrative embodi-
ment, where p=p,,,,,, the first feed signal causes first feed
element 402 to radiate a first radio wave 415 toward a first side
422 of first antenna aperture 102. In response, a second side
424 of first antenna aperture 102 radiates a second radio wave
416 toward a first receive antenna. Similarly, the second feed
signal causes second feed element 404 to radiate a third radio
wave 417 toward first side 422 of first antenna aperture 102. In
response, second side 424 of first antenna aperture 102 radi-
ates a fourth radio wave 418 toward a second receive antenna.
Similarly, the third feed signal causes third feed element 406
to radiate a fifth radio wave 419 toward first side 422 of first
antenna aperture 102. In response, second side 424 of first
antenna aperture 102 radiates a sixth radio wave 420 toward a
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third receive antenna. First receive antenna, second receive
antenna, and/or third receive antenna may be the same or
different antennas.

A digital-to-analog (D/A) conversion, including up-con-
version to a passband at f_ is done at the output of U,. The
complexity of the D/A interface is on the order of p,,,.<<n,
rather than n as in a conventional phased-array-based imple-
mentation. The analog (up converted) signals on focal surface
414 excite the n analog spatial modes on the continuous or
quasi-continuous radiating aperture of first antenna aperture
102, via the analog transform U,,. The analog signals on first
antenna aperture 102 are represented by their critically
sampled version x(i), i=1, .. . , n.

A subset of n signals is received on focal surface 414 of
second antenna aperture 104, down-converted, and converted
into baseband digital signals via an analog-to-digital (A/D)
converter. The complexity of the ND interface, as in the case
of'the transmitter, is again on the order of p,,, ., <<n, rather than
n as in a conventional phased-array based design using digital
beamforming. The digital signals are processed appropri-
ately, using any of a variety of well-known algorithms (e.g.
maximum likelihood) to recover an estimate, x,(i), i=1, . . .,
p of the transmitted digital signals. The nature of decoding/
estimation algorithms at the receiver is dictated by the nature
of the digital encoding at the transmitter.

As another example, FIG. 5 shows a second schematic side
view of a transmitter 500 in accordance with an illustrative
embodiment. In the illustrative embodiment of FIG. 5, the
plurality of feed elements 301 of transmitter 500 include a
first feed element 502, a second feed element 503, a third feed
element 504, a fourth feed element 505, a fifth feed element
506, a sixth feed element 507, a seventh feed element 508, an
eighth feed element 509, and a ninth feed element 510
mounted on focal surface 414 relative to first antenna aperture
102 which acts as a lens. A first feed signal is sent to first feed
element 502 using a first transmission line 512, a second feed
signal is sent to fifth feed element 506 using a fifth transmis-
sion line 516, and a third feed signal is sent to seventh feed
element 508 using a seventh transmission line 518. Other
transmission lines 513, 514, 515, 517, 519, 520 connect sec-
ond feed element 503, third feed element 504, fourth feed
element 505, sixth feed element 507, eighth feed element 509,
and ninth feed element 510, respectively, to signal processor
302 for receipt by the feed elements 503, 504, 505, 507, 509,
510 of a feed signal when appropriate. In an illustrative
embodiment, where p=p,),,.. the first feed signal causes first
feed element 502 to radiate a first radio wave 522 toward a
first side 422 of first antenna aperture 102. In response, sec-
ond side 424 of first antenna aperture 102 radiates a second
radio wave 524 toward a first receive antenna. Similarly, the
second feed signal causes fifth feed element 506 to radiate a
third radio wave 526 toward first side 422 of first antenna
aperture 102. In response, second side 424 of first antenna
aperture 102 radiates a fourth radio wave 528 toward a second
receive antenna. Similarly, the third feed signal causes sev-
enth feed element 508 to radiate a fifth radio wave 530 toward
first side 422 of first antenna aperture 102. In response, sec-
ond side 424 of first antenna aperture 102 radiates a sixth
radio wave 532 toward a third receive antenna. First receive
antenna, second receive antenna, and/or third receive antenna
may be the same or different antennas.

With continuing reference to FIG. 1, the LoS channel inthe
1D setting is depicted. The transmitter and receiver consist of
a continuous linear aperture of length A and are separated by
adistance R>>A. The center of the receiver array serves as the
coordinate reference: the receiver array is described by the set
of points {(x, y): x=0, ~A/2<y A/2} and the transmitter array
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is described by {(x, y): x=R, —-A/2<y=A/2}. While the LoS
link can be analyzed using a continuous representation, a
critically sampled system description, with spacing d=h /2,
results in no loss of information and provides a convenient
finite-dimensional system description.
For a given sample spacing d, the point-to-point commu-
nication link in FIG. 1 can be described (in complex base-
band) by an nxn MIMO system

r=Hx+w

M

where x is the n-dimensional complex transmitted signal, r is
the n-dimensional complex received signal, w is the complex
additive white Gaussian noise (AWGN) vector with unit vari-
ance, H is the nxn complex channel matrix, and the dimension
of the system is given by

@

For critical spacing

c

o] &

Jnx2A A

which represents the maximum number of independent spa-
tial (analog) modes excitable on the apertures.

The fundamental performance limits of the LoS link are
governed by the eigenvalues of the channel matrix H. Using
the following convention for the set of symmetric indices for
describing a discrete signal of length n

22(m)={i-(n-1)/2:i=0, . .., 3)

which corresponds to an integer sequence passing through 0
for n odd and a non-integer sequence that does not pass
through 0 for n even. It is convenient to use the spatial fre-
quency (or normalized angle) 0 that is related to the physical
angle ¢ as

d @
0= A—smqﬁ.

The beamspace channel representation is based on n-di-
mensional array response/steering (column) vectors, a, (0),
that represent a plane wave associated with a point source in
the direction 6. The elements of a,(0), are given by

a,,(0)=e7>™ic ] (m) &)

a(0) are periodic in B with period 1 and

@O = Y a,0)a,0) ©

e} (n)
- Z e 26" m
e} (n)

_ sin(an(d - 8)} A ,
T sin(x(6-0)) F0-6)
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where £, (0) is the Dirichlet sinc function, with a maximum of
n at 6=0, and zeros at multiples of A0, where

M

which is a measure of the spatial resolution or the width of a
beam associated with an n-element phased array.

The n-dimensional signal spaces, associated with the trans-
mitter and receiver arrays in an nxn MIMO system, can be
described in terms of the n orthogonal spatial beams repre-
sented by appropriately chosen steering/response vectors
a,(0) defined in equation (6). For an n-element ULA, with
n=A/d, an orthogonal basis for the n-dimensional complex
signal space can be generated by uniformly sampling the
principal period 0E[-V4, V4] with spacing AO,. That is,

) i d (8)
6, =iA0, = — =i—
n A

1
Up = W [@:(0)];23 ¢y

is an orthogonal discrete Fourier transform (DFT) matrix
with U U =U U #=I. For critical spacing, d=A_/2, the
orthogonal beams corresponding to the columns of U,, cover
the entire range for physical angles ®&[-n/2, /2] as shown
in FIG. 2a.

For developing the beamspace channel representation, the
beam direction 0 at the receiver is related to points on the
transmitter aperture. As illustrated in FIG. 1, a point y on the
transmitter array represents a plane wave impinging on the
receiver array from the direction ¢= sin(¢) with the corre-
sponding 0 given by equation (4)

y ©)

+y?

sing) = ——

Using equation (9), the following correspondence between
the sampled points on the transmitter array and the corre-
sponding angles subtended at the receiver array is obtained

2 10
d eam (10)

i=id <0 =i,
yizid o lR/IC

which for critical sampling, d=A_/2, reduces to

A A (1D
[ == i =i—, ied(n).
Vi 124:>0‘ l4R’lE (n)

The n columns of matrix H are given by a (8) correspond-
ing to the 6, in equation (11); that is,

. A (12)
H= [an(ei)]iezl(n)’ 0 = ir0y =1 ﬁ

The total channel power is defined as
o 2=tr(HH)=n?. (13)
For the LoS link shown in FIG. 1, the link capacity is
directly related to the rank of H which is in turn related to the
number of orthogonal beams from the transmitter that lie
within the aperture of the receiver array, which can be referred
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to as the maximum number of digital modes, p,,,,.. With
reference to FIG. 24, the far-field beampatterns correspond-
ing to the n orthogonal beams are shown that cover the entire
spatial horizon as defined in equation (8) for n=40. Of these
beams, only p,,,,,=4 coupleto the receiver array with a limited
aperture, as illustrated in FIG. 2b. The number p,,,, can be
calculated as

A? (14)

RA,

s
Pmax = A6,

=26, =26, 4
- maxn— maxd"‘

where 0,,,. denotes the (normalized) angular spread sub-
tended by the receiver array at the transmitter and using
equations (4) and (9) and noting that

$ibax) & 5

where ¢,,,. denotes the physical (one-sided) angular spread
subtended by the receiver array at the transmitter.

Ponax @s defined in equation (14) is a fundamental link
quantity that is independent of the antenna spacing used. For
a continuous or quasi-continuous aperture system d=h. /2. For
a conventional MIMO system using p,,,,, antennas with spac-
ingd,,, and plugging A=p,,,.d into equation (14) leads to the
required (Rayleigh) spacing

The maximum number of digital modes, p,,,,, defined in
equation (14) is a baseline indicator of the rank of the channel
matrix H. The actual rank depends on the number of dominant
eigenvalues of HZH.

Given a static point-to-point L.oS channel, as shown in FIG.
1, for which the critically sampled channel matrix H in equa-
tion (12) is deterministic and assumed to be completely
known at the transmitter and the receiver, it is well known that
the capacity-achieving input is Gaussian and is characterized
by the eigenvalue decomposition of the nxn transmit covari-
ance matrix

= =HTH=V"P" 15)
where V is the matrix of eigenvectors and A=diag(h,...,A,,)
is the diagonal matrix with A, =0 ?=n>. In particular, the
capacity-achieving input vector X in equation (1) is charac-
terized as C,, (0, V A*VH) where A =diag(p,, . . ., p,) is the
diagonal matrix of eigenvalues of the input covariance matrix
E[xx™] with tr(A)=Z,0,~p.

The nxp digital transform U, represents mapping of the p,
1=p=p,..» iIndependent digital signals onto focal surface 414,
which is represented by n samples. For p=p,,,... the digital
component is the identity transform. For p<p,,,., the digital
transform effectively maps the independent digital signals to
the focal surface 414 so that p data streams are mapped onto
p beams with wider beamwidths (covering the same angular
spread—subtended by the receiver array aperture). Wider
beamwidths, in turn, are attained via excitation of part of first
antenna aperture 102 as shown with reference to FIG. 6.
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Foragiven pE[1,2, . . ., Pyt representing the number of
independent digital data streams, an oversampling factor is
defined as

Ros @) P/ PP =15 - - - (16)

> P
The p digital streams are mapped into p beams that are
generated by a reduced aperture A(p)=A/n,, corresponding to

1o (D) s =H /Dy 17)

(fewer) Nyquist samples. The resulting (reduced) beamspace
resolution is given by

AB@)=1n ()= * 0yax/ D=0, *105(p) (18)

where AO_=1/n is the spatial resolution afforded by the full
aperture. The reduced beamspace resolution corresponds to a
larger beamwidth for each beam.

The nxp digital transform U, consists of two components:
U_=U,U,. The n,(p)xp transform U, represents the beam-
space to aperture mapping for the p digital components cor-
responding to an aperture with n,(p) (Nyquist) samples:

19
Ui(l,m) =

a(p) “yon

where 1€ 3 (n,(p)), mE 23 (p). The nxn,(p) mapping U, rep-
resents an oversampled—by a factor n/n (p)=n, ,—inverse
DFT (IDFT) of the n (p) dimensional (spatial domain) signal
at the output of U :

Uy (L, m) = %eigﬂiﬂ, [ e Im), me n,(p)) @9
n

For a givenn, p,,, ... and p, the nxp composite digital trans-
form, U,, can be expressed as

Uell, m) = (U UL m) @D

= > Ul dUilim)
iedna(p)

i f s i
Ly e

ng
RY) R,
Hos % jca(ng)

L, (1(1
flg N lps b Tta \flos

where f,(-) is defined in equation (6), 1€ 13 (n) represent the
samples of focal surface 414 and me& 3 (p) represent the indi-
ces for the digital data streams. Note that for p=p,,,,.(n,=n,
n,.=1), U, reduces to a p,,,,XPma 1dentity matrix. Even for
P<P,nar O11ly a subset of the outputs of U, are active, on the
order of p,,,,, Which can be estimated from (20).

The analog transform U, represents the analog spatial
transform between focal surface 414 and first antenna aper-
ture 102 and is a continuous Fourier transform that is affected
by the wave propagation between focal surface 414 and first
antenna aperture 102. However, using critical sampling, the
continuous Fourier transform can be accurately approximate



US 8,811,511 B2

11

by an nxn DFT matrix corresponding to critical (Nyquist)—
A /2—sampling of first antenna aperture 102 and focal sur-
face 414:

2mim

1 2xlm
U,(l, m) = T[’ » ,le ), me n)
n

22

where the index 1 represents samples on the first antenna
aperture 102 (spatial domain) and the index m represents
samples on focal surface 414 (beamspace).

The analog component is based on a high-resolution aper-
ture which is continuous or approximates a continuous aper-
ture to provide a quasi-continuous aperture that provides an
approximately continuous phase shift for beam agility. For
comparison and illustration, FIG. 7a shows a double convex
dielectric lens 700, which provides a continuous phase shift
curve 702 based on the radial distance from a centerpoint of
double convex dielectric lens 700. FIG. 75 shows a conven-
tional microwave lens 704 composed of arrays of receiving
and transmitting antennas connected through transmission
lines with variables lengths, which provides a discrete phase
shift curve 706 based on the radial distance from a centerpoint
of microwave lens 704. FIG. 7¢ shows a high-resolution,
discrete lens array (DLA) 708, which provides a quasi-con-
tinuous phase shift curve 710 based on the radial distance
from a centerpoint of high-resolution DLA 708. Using well-
known principles from Fourier optics, in particular the rela-
tionship between the effect of lenses and mirrors, the analog
component could also be realized in reflective mode, using a
reflecting (focusing) aperture at the transmitter. In this case,
the plurality of feed elements 301 are appropriately placed on
focal surface 414 of a reflective aperture.

With reference to FIG. 8a, high-resolution DLA 708 is
shown in an illustrative embodiment. High-resolution DLA
708 is composed of a plurality of spatial phase shifting ele-
ments, or pixels, 800 distributed on a plurality of layers 802 of
aflexible membrane having a width 804. The physical dimen-
sions of each pixel 800 are significantly smaller than the
operational wavelength ... The local transfer function of the
spatial phase shifting elements 800 can be tailored to convert
the electric field distribution of an incident electromagnetic
(EM) wave on an input aperture to a desired electric field
distribution at an output aperture. For example, high-resolu-
tion DL A 708 can be designed to convert a spherical incident
wave front at its input aperture to a desired output aperture
field distribution having a linear phase gradient across output
aperture. Such an aperture field distribution generates a far
field radiation pattern where the direction of maximum radia-
tion is determined by the phase variation of the electric field
over the output aperture. Dynamically changing the phase
shift gradient changes the direction of the far field pattern and
effectively steers the direction of the main beam. As long as an
appropriate output aperture can be defined, the surface of
high-resolution DL A 708 does not have to be planar, cylin-
drical, or spherical, and can assume an arbitrary (smooth)
shape as shown in FIG. 7c.

In an illustrative embodiment, the design of the spatial
phase shifting elements 800 is based on frequency selective
surfaces (FSS) with non-resonant constituting elements and
miniaturized unit cell dimensions. This type of FSS is hence-
forth referred to as the miniaturized element FSS (MEFSS).
In its pass-band, a band-pass MEFSS allows a signal to pass
through with little attenuation. However, based on its fre-
quency response, the transmitted signal will experience a
frequency dependent phase shift. This way, a band-pass
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MEFSS in its pass-band can act as a phase shifting surface
(PSS) and its constituting elements (unit cells) can be effec-
tively used as the spatial phase shifters (or pixels) of an
RF/microwave lens.

In an illustrative embodiment, the MEFSS is composed of
aplurality of closely spaced impedance surfaces with reactive
surface impedances (either capacitive or inductive) separated
from one another by ultra-thin dielectric spacers. A typical
overall thickness of a 3rd-order MEFSS is 0.025A .. Because
they use non-resonant unit cells, the lattice dimensions of the
sub-wavelength periodic structures can be extremely small.
Typical dimensions of a pixel can be as small as 0.05A_x
0.05A... In conjunction with their ultra-thin profile, this fea-
ture enables operation of high-resolution DLLA 708 on curved
surfaces with small to moderate radii of curvature. In this
manner, the total number of spatial phase shifters per unit area
(M) can be as high as 400 elements, which results in a high
resolution as compared to conventional microwave lens 704,
which typically has 4 to 9 pixels per unit area, thus providing
a quasi-continuous phase shift equivalent to that provided by
double convex dielectric lens 700.

For example, with reference to FIG. 85, high-resolution
DLA 708 is comprised of a 3rd-order MEFSS and includes a
first capacitive layer 806 mounted on a first inductive layer
808, which is mounted on a second capacitive layer 810,
which is mounted on a second inductive layer 812, which is
mounted on a third capacitive layer 814 with the reactive
surface impedances of each layer itself mounted on a flexible
dielectric membrane.

With reference to FIG. 9, a gradual change in phase shift is
provided by changing the center frequency of operation of
each of the pixels 800 with respect to its neighbor, which
changes both the magnitude and the phase of the pixel’s
transfer function. For example, a first pixel 900 has a magni-
tude response curve 902 and a phase response curve 904, and
a second pixel 906 has a magnitude response curve 908 and a
phase response curve 910. However, in a frequency band 912
where the magnitude responses overlap, only the pixel’s
phase response matters. Thus, by appropriately tuning the
response of each pixel’s transfer function, a desired phase
shift gradient over the aperture can be synthesized. The opera-
tional bandwidth of the lens is determined by the range of
frequencies over which the magnitude response of all pixels
800 overlap.

The achievable phase shift range, for each MEFSS, is a
function of the maximum phase variation in its pass-band. For
example, the phase of a transfer function of a 2nd-order
MEFSS may change from +10° to =170° over the operational
bandwidth of the MEFSS. Therefore, if the pixels 800 of this
type of MEFSS are used as the phase shifting pixels of a lens,
they can only provide relative phase shifts in the range of
0-180°, which only allows for the design of lenses with large
focal lengths. This limitation, however, is alleviated if the
phase shifting pixels are designed to provide a 0°-360° phase
shifts in the desired frequency band.

The maximum phase variation of a given MEFSS is a
function of the type of the transfer function and the order of
the response (e.g. 3rd order, linear-phase, band-pass
response). Therefore, to achieve a broader phase shift range,
an MEFSS with a higher-order response may be used. With
reference to F1G. 10q, a side view of a general MEFSS design
oforder N is shown in accordance with an illustrative embodi-
ment. In the illustrative embodiment, high-resolution DLLA
708 is composed of N capacitive layers 1000 and N-1 induc-
tive layers 1002 separated by 2N-2, ultra-thin dielectric sub-
strates 1004. The order of the response can be increased by
increasing the number of constituting layers of high-resolu-
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tion DLA 708. For example, a 3rd order MEFSS with Che-
bychev band-pass response has an overall electrical thickness
01'0.03)._ and provides a relative phase shift of 0°-320° range
in its pass-band, and a 4th order MEFSS has a phase shift
range greater than 0°-360°.

With reference to FIG. 104, first capacitive layer 806 com-
prises a plurality of sub-wavelength capacitive patches 1006
formed on a first dielectric layer 1007 of the 2N-2, ultra-thin
dielectric substrates 1004. With reference to FIG. 10c, first
inductive layer 808 comprises an inductive wire mesh 1008
with sub-wavelength periodicity formed on a second dielec-
tric layer 1009 of the 2N-2, ultra-thin dielectric substrates
1004.

The local transfer function of the spatial phase shifters can
be tailored to convert the electric field distribution of an
incident electromagnetic radio wave at the lens’ input aper-
ture to a desired electric field distribution at the output aper-
ture. With reference to FIG. 11a, a feed element 1100 illumi-
nates high-resolution DLLA 708 with radio waves 1102, which
creates an electric field distribution 1104 over the aperture of
high-resolution DLLA 708. The magnitude 1106 and phase of
electric field distribution 1104 over the aperture of high-
resolution DL A 708 determine its radiation properties in the
far field. In particular, the phase shift gradient of the E-field
distribution over the aperture determines the direction of
maximum radiation of the antenna in the far field. Dynami-
cally tuning this phase shift gradient over the antenna aperture
results in scanning the antenna beam. For example, with a first
phase variation 1108, a first radiation pattern 1110 is gener-
ated; with a second phase variation 1112 (no phase variation),
a second radiation pattern 1114 is generated; and with a third
phase variation 1116, a third radiation pattern 1118 is gener-
ated.

The n-dimensional transmit signal vector x=[x, . . ., x,]7
is a sampled representation of the signals radiated by first
antenna aperture 102. Furthermore, x=U_x, where
X, Xt es xa,n]T is the n-dimensional representation of the
(analog) signals at focal surface 414. x,=U_x, where
XX s X, ,p]T is the p-dimensional vector of digital
symbols at the input of the digital transform U,. For the basic
transmitter architecture, U, is defined in equation (21). For
the basic transmitter structure, the system equation (1) can be
rewritten directly in terms of x, as

r=HU Ux+w=HU,x=H, », (23)
where
Un=UU, @4

is the nxp effective transmission matrix coupling the p-di-
mensional vector of input digital symbols, x,, to the n-dimen-
sional signals on first antenna aperture 102 x=U_x,. [t can be
shown that the p column vectors of U, form approximate
transmit (spatial) eigenmodes of the transmit covariance
matrix X, =H”H and transmitting over these eigenmodes is
optimum (capacity-achieving) from a communication theo-
retic perspective. In other words, U, enables optimal access
to the pE{1, 2, . . ., Ppuxt digital modes in the channel. For
P<Pmaxs the dimension of U, is reduced due to partial exci-
tation of first antenna aperture 102. In other words, a recon-
figured version of the LoS channel is in effect when U, is
configured for transmitting p<p,,,. digital symbols simulta-
neously.

The approximate eigenproperty of U, =U U, is more accu-
rate for large p,,,.. However, for relatively small p,, ., the
approximation can be rather course. In this case, while U,
still enables access to the digital modes, the columns of U,
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deviate from the true spatial eigenmodes. A modification of
the digital transform enables transmission onto the true spa-
tial eigenmodes of the channel. Let X, , ~HredHHred
denote the pxp transmit covariance matrix of the reduced-
dimensional nxp channel matrix in equation (23). Further, let

Etx,red: UredAredUredH (25)

denote the eigendecomposition of the 2, ., where U, ,is the
pxp dimensional matrix of eigenvectors and A, is a pxp
diagonal matrix of (positive) eigenvalues. With the knowl-
edge of U,,,, U,, in equation (24) becomes

UamUsUUreq 26)

to enable transmission onto the exact p eigenmodes for the
channel where pE{1,2, ...,p,,..}, U, is the digital transform
in the basic transmitter architecture defined in equation (21)
and U, is defined via the eigendecomposition in equation
25).

The analog transform U, represents the analog spatial
transform between focal surface 414 and the continuous or
quasi-continuous aperture of first antenna aperture 102. The
pxa digital transform U, or U,U,_, represent mapping of the
P, 1=p=p,,..» independent digital signals onto focal surface
414 of the continuous or quasi-continuous aperture of first
antenna aperture 102, which is represented by n samples.
Different values of p represent different configurations.
Where p=p,,,.. the digital component is the identity trans-
form. Where p<p,,,, the digital transform eftectively maps
the digital signal streams to focal surface 414 so that p data
streams are mapped onto p beams with wider beamwidths as
shown with reference to FIG. 6. Wider beamwidths, in turn,
are attained via excitation of only part of the continuous or
quasi-continuous aperture of first antenna aperture 102.

Thus, transmitter system 300 can achieve a multiplexing
gain of p where p can take on any value between 1 and p,,,,.
corresponding to different configurations. The number of
spatial beams used for communication is equal to p. While the
highest capacity is achieved for p,,,,., lower values of p are
advantageous in applications involving mobile links in which
the transmitter and/or the receiver are moving due to the beam
agility capability. For p<p,,, ., by appropriately reconfiguring
the digital transform U, or U U, , the p data streams can be
encoded into p beams with wider beamswidths, which still
cover the entire aperture of the receiver array. The use of
wider beamwidths relaxes the channel estimation require-
ments in transmitter system 300.

For example with reference to FIG. 24, n~=40 and p,,,,,=4.
With reference to FIG. 25, beampattern 202 is generated for
P=Dux=%, resulting in four narrow beams that couple with the
receiver aperture. With reference to FIG. 12, a beampattern
1200 is generated for p=2, resulting in two wider beams that
couple with the receiver aperture for simultaneously trans-
mitting two independent data streams, but with a beamwidth
approximately twice the beamwidth shown in FIG. 2b. As a
result, the two beams still cover the entire receiver aperture.
With reference to FIG. 13, a beampattern 1300 is generated
for p=1, resulting in one wide beam that couples with the
receiver aperture for transmitting only one independent data
stream, but with a beamwidth approximately four time the
beamwidth shown in FIG. 2b. For p<p,),,,, wider beamwidths
are achieved via reconfigured versions of the digital trans-
form U, or U,U,,, that correspond to illuminating a smaller
fraction of first antenna aperture 102. This, in turn, requires
excitation of a few more than p,,,, feed elements on focal
surface 414, thereby slightly increasing the A/D complexity
of transmitter system 300.
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With reference to FIG. 14, a point-to-multipoint capability
of transmitter system 300 is shown in accordance with an
illustrative embodiment. Transmitter system 300 simulta-
neously transmits to K=4 spatially distributed receivers in a
network setting. In the illustration, n=40 and p,,,,,,=4 for each
individual link 1400, 1402, 1404, 1406. Thus, p,, =4 data
streams are simultaneously transmitted to each receiver, via
the corresponding beams, resulting in a total of p,,, . K=16
streams/beams.

Given 1D LoS links in which the transmitter and receiver
have antennas of different sizes, A, and Ay, respectively. Let
n, and r, denote the corresponding number of analog modes
associated with the apertures. The maximum number of digi-
tal modes, p,,,,.. supported by the LoS link is then given by
Pran=ArAR/(RA,). The details described with reference to
transmitter system 300 are applicable, using n=n, at the trans-
mitter and n=n,. at the receiver.

Transmitter system 300 can also be used in a multipath
propagation environment. An important difference in multi-
path channels is that the number of digital modes p,,,. is
larger and depends on the angular spreads subtended by the
multipath propagation environment at the transmitter and the
receiver. For simplicity, suppose that the propagation paths
connecting the transmitter and receiver exhibit physical
angles within the following (symmetric) ranges:

Ohd 1€~ P el $-El - PrmaxPromax]

where ¢, and ¢, denote the physical angles associated with
propagations paths at the transmitter and receiver, respec-
tively, and ¢, and ¢, ... denote the angular spread of the
propagation environment as seen by the transmitter and
receiver, respectively. In this case, as in the LoS case, p,, .
depends on the number of orthogonal spatial beams/modes on
the transmitter and receiver side that lie within the angular
spread of the scattering environments. To calculate p,,, ., first
calculate the (normalized) angular spreads according to equa-
tion (4) for critical d=A. /2 spacing:

0, i 05 SN @ reoPy 05 SN Qe

The spatial resolutions (measure of the beamwidths) at the
transmitter and the receiver are given by

1
Al = =, AG,, =

n n,

Then, analogous to the derivation of (14), the number of
orthogonal beams at the transmitter and the receiver that
couple with the multipath propagation environment are given

by

_ 2Omax,r _ sin(Z) - 2ATSin(Z)r,max
Pmax,t = Aeo,t = tmaxtt X 7/16

_Vmer o ARSI
Pmax,r = 20,, = ramaxTty % X

and the maximum number of digital modes supported by the
multipath link is given by the minimum of the two p,,,,,,—min
(Prnax.s Prcce.r)-

The receiver system includes second antenna aperture 104,
the plurality of feed elements 301, and signal processor 302.
Specifically, in terms ofthe system equation (1), the n-dimen-
sional received signal r, representing the signal on second
antenna aperture 104, is mapped to an n-dimensional signal,
r,, on focal surface 414 via

r=Utr 27
o= Ud @7

20

25

30

35

40

45

50

55

60

65

16

where the nxn matrix/transform U % represents the mapping
from second antenna aperture 104 to the feeds the plurality of
feed elements 301 mounted on focal surface 414. As in the
case of transmitter system 300, on the order of p,,,,. elements
ofr, (feeds on the focal surface), out of the maximum possible
n, carry most of the significant received signal energy. A/D
conversion at the receiver (including down conversion from
passband to baseband) applies to the active elements of r,,.
Thus, the complexity of the A/D interface at the receiver
system has a complexity on the order of p,,,,,,. The resulting
vector of digital symbols, derived from r , via A/D conversion,
can be processed using any of a variety of algorithms known
in the art (e.g., maximum likelihood detection, MMSE (mini-
mum mean-squared-error) detection, MMSE with decision
feedback) to form an estimate of the transmitted vector of
digital symbol x,.

Any of a variety of space-time coding techniques may also
be used at the transmitter in which digital information sym-
bols are encoded into a sequence/block of coded vector sym-
bols, {x_(i)}, where i denotes the time index. The receiver
architecture is modified accordingly, as known in the art. In
this case, the corresponding sequence/block of received
(coded) digital symbol vectors, derived from r , is processed
to extract the encoded digital information symbols.

Givena LoS link in which both the transmit and the receive
antennas consist of square apertures of dimension AxA m>
and are separated by a distance of R meters, the maximum
number of analog and digital modes is simply the square of
the linear counterparts:

Moy =0t nx2A 02,

A2
Pmax2d = P2 Pmax ® 53—
'max, max> Pmax ¥ 1

Theresulting system is characterized by the n, ;xn,; matrix
H, ,that is related to the 1D channel matrix H in equation (12)
via

H,~H®H

where ® denotes the kronecker product. The eigenvalue
decomposition of the transmit covariance matrix is similarly
related to its 1D counterpart in equation (15).

- H, — A H
2:T,2D7f12d H2d7V2d 2dV2d

Vo= V® A, ~A® A

The channel power is also the square of the 1D channel
power: 0,/ =1,/ =n*=a,*.

Letx ()=, (), X, (1), ..., X, ,p(i)]T denote the p-dimen-
sional vector input digital symbols at time index i. The p input
digital data streams correspond to the different components
of'x,(1). The digital symbols may be from any discrete com-
plex constellation Q of size |Ql. For example, 1QI=4 for
4-QAM. Each vector symbol contains p log, QI bits of infor-
mation, log,|QI bits per component.

The digital transform U, is a nxp matrix that operates on the
(column) vector x,(i) for each 1i; that is, x,(1)=U_x(1),
i=1,2, . . . where x (i)7[x, (1), X,,0), - - -, xa,n(i)]T is the
n-dimensional vector of (digitally processed) digital symbols
atthe output of U, at time index i. As noted earlier, for each i,
only a small subset of output symbols in x,(i), on the order of
Pomaxs 18 NON-Zero. Let this subset be denoted by 0. The D/A
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conversion and upconversion to passband occurs on this sub-
set of symbols. The analog signal for a given component of
x,(1) in O can be represented as

ail) = Y Xuuglt=iTy), L€ O

i

where x,, (t) denotes the analog signal, at the output of the
D/A, associated with the 1-th output data stream in the set O,
g(t) denotes the analog pulse waveform associated with each
digital symbol, and T, denotes the symbol duration.

The analog signal for each active digital stream X, (t) is
up-converted onto the carrier

xayl(l)—>xa7 f(z)cos(ancl)—xm F(H)sin(2nf.1),lE0

where x,, ,°(t) and x,, ;*(1) denote the in-phase and quadrature-
phase components of x,, (t). The upconverted analog signals
corresponding to the active components in 0 are then fed to
corresponding feeds on focal surface 414.

The word “illustrative” is used herein to mean serving as an
example, instance, or illustration. Any aspect or design
described herein as “illustrative” is not necessarily to be con-
strued 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.

The foregoing description of illustrative embodiments of
the invention have been presented for purposes of illustration
and of description. It is not intended to be exhaustive or to
limit the invention to the precise form disclosed, and modifi-
cations and variations are possible in light of the above teach-
ings 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 in the art to utilize the
invention in various embodiments and with various modifi-
cations 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 equivalents.

What is claimed is:
1. A transmitter comprising:

a signal processor configured to simultaneously receive a
plurality of digital data streams and to transform the
received plurality of digital data streams into a plurality
of analog signals, wherein the number of the plurality of
digital data streams is selected for transmission to a
single receive antenna based on a determined character-
istic of a communication environment and a dimension
of an aperture;

a plurality of feed elements configured to receive the plu-
rality of analog signals, and in response, to radiate a
plurality of radio waves toward the aperture; and

the aperture configured to receive the radiated plurality of
radio waves, and in response, to radiate a second plural-
ity of radio waves toward the single receive antenna.

2. The transmitter of claim 1, wherein the aperture is fur-
ther configured to spatially phase shift the received plurality
of radio waves to form the second plurality of radio waves
radiated toward the single receive antenna.
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3. The transmitter of claim 1, wherein the aperture com-
prises a lens.

4. The transmitter of claim 3, wherein the lens comprises a
discrete lens array.

5. The transmitter of claim 4, wherein the discrete lens
array is comprised of miniaturized element frequency selec-
tive surfaces.

6. The transmitter of claim 5, wherein the miniaturized
element frequency selective surfaces form sub-wavelength
phase shifters.

7. The transmitter of claim 3, wherein the plurality of feed
elements are mounted on a focal surface of the lens.

8. The transmitter of claim 1 wherein

the signal processor is further configured to simultaneously
receive a second plurality of digital data streams and to
transform the received second plurality of digital data
streams into a second plurality of analog signals,
wherein the number of the second plurality of digital
data streams is selected for transmission to a second
receive antenna based on a determined transmission
environment to the second receive antenna;

the plurality of feed elements is further configured to
receive the second plurality of analog signals, and in
response, to radiate a third plurality of radio waves
toward the aperture; and

the aperture is further configured to receive the radiated
third plurality of radio waves, and in response, to radiate
a fourth plurality of radio waves toward the second
receive antenna, wherein the fourth plurality of radio
waves are radiated simultaneously with the second plu-
rality of radio waves.

9. The transmitter of claim 1, wherein the determined char-
acteristic of the communication environment includes a sig-
nal-to-noise ratio.

10. The transmitter of claim 1, wherein the number of the
plurality of digital data streams is selected from the set com-
prising 1,2, ..., p,,..» Whereinp, ._is approximately AgA/
(RA,), where A is a length of a receive aperture of the single
receive antenna, A ;- is a length of the aperture, R is a distance
between the aperture and the receive aperture, and A _=c/f_,
where c is the speed of light and £.. is a carrier frequency of the
transmitted plurality of analog symbols.

11. The transmitter of claim 10, wherein a feed number
represents the number of the plurality of feed elements
selected to receive the plurality of analog signals, wherein the
feed number is greater than the selected number of the plu-
rality of digital data streams if the selected number of the
plurality of digital data streams is less than p,,,,..

12. The transmitter of claim 11, wherein the feed number is
equal to the selected number of the plurality of digital data
streams if the selected number of the plurality of digital data
streams is equal to p,,, .-

13. The transmitter of claim 11, wherein each feed element
of the plurality of feed elements selected to receive the plu-
rality of analog signals receives a single digital data stream of
the plurality of digital data streams if the selected number of
the plurality of digital data streams is equal to p,,, .-

14. The transmitter of claim 11, wherein each feed element
of the plurality of feed elements selected to receive the plu-
rality of analog signals receives multiple data streams of the
plurality of digital data streams if the selected number of the
plurality of digital data streams is less than p,,,,.,-
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15. The transmitter of claim 1, wherein the number of the
plurality of digital data streams is selected from the set com-

prising ls 25 c o s Praxs wherein pmax:mln(pmax,ts pmax,r)s
where

s = 2A7SIn®; yax _ 2AgSIN®, g

'max,t 7)% > Pmax,r 7/16 >

Ay is a length of a receive aperture of the single receive
antenna, A is a length of the aperture, ¢, . is a first angular
spread of a propagation environment as seen by the aperture,
§,.max 18 @ second angular spread of the propagation environ-
ment as seen by the receive aperture, and A_=c/f,, where c is
the speed of light and £, is a carrier frequency of the transmit-
ted plurality of analog symbols.

16. The transmitter of claim 1, wherein the signal processor
is configured to transform the plurality of digital data streams
into the plurality of analog signals using a transform that
includes a discrete Fourier transform mapping the plurality of
digital data streams into a reduced aperture if the selected
number of the plurality of digital data streams is less than
D

17. The transmitter of claim 16, wherein the signal proces-
sor is further configured to transform the plurality of digital
data streams into the plurality of analog signals using a trans-
form that includes an oversampled inverse discrete Fourier
transform if the selected number of the plurality of digital data
streams is less than p,,,,,.
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18. The transmitter of claim 1, wherein the plurality of
digital data streams are transformed into the plurality of ana-
log signals using a transform that includes U, where

)

Uell,m) =

1 f(l(l
flg N lps b g \ Flos

where £,(-) is defined as

sin(zn( - ))
sin(zr(-)) °

1 is a first index to a feed element of the plurality of feed
elements, m is a second index to a data stream of the plurality
of digital data streams, n,,=p,,,./P, Where p,,,, 1S approxi-
mately AzA /R ), where A is a length of a receive aperture
of'the single receive antenna, A ;is a length of the aperture, R
is a distance between the aperture and the receive aperture,
and A _=c/f_, where c is the speed of light and £, is a carrier
frequency of the plurality of analog signals, p is the number of
the plurality of digital data streams, n,=n/n,; where n is
approximately 2A /A .

19. The transmitter of claim 18, wherein the plurality of
digital data streams are transformed into the plurality of ana-
log signals using a transform that includes U,_, where U, is
a pxp dimensional matrix of eigenvectors of a pxp transmit
covariance matrix of a reduced-dimensional nxp channel
matrix.

20. The transmitter of claim 1, wherein the aperture is a
reflective surface.
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