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Abstract—Given the proliferation of wireless communication the-art: i) traditional systemighat employ continuous aperture
Qevices, _the need for i_ncr(_aased _power and bandwidth efficiey  “dish” antennas and offer h|gh power efﬁciency but no Sﬂ)atia
in emerging technologies is getting ever more pronounced.vilo multiplexing gain, and i) MIMO systems that use discrete

technological trends offer new opportunities for addressig these . . . .
challenges: mm-wave systems (60-100GHz) that afford large antenna arrays to offer a higher multiplexing gain but suffe

bandwidths, and multi-antenna (MIMO) transceivers that exploit  from power efficiency; see, e.g., [1], [2], [3].
the spatial dimension. In particular, there has been signifiant This paper develops the basic theory of a new MIMO
recent interest in mm-wave communication systems for highate  transcejver architecture — continuous aperture phased)CA

(1-100 Gbfs) communication over line-of-sight (LoS) charels. \y\15 _ that combines the elements of MIMO, continuous
Two competing designs dominate the state-of-the-art: i) tdi- '

tional systems that employ continuous aperture "dish” antenas aPerture antennas, and phased arrays for dramatically en-
that offer high power efficiency but no spatial multiplexing hanced performance. CAP-MIMO is based dmyarid analog-
gain, and ii) MIMO systems that use discrete antenna arrays digital transceiver architectur¢hat employs a novel antenna
to offer a higher multiplexing gain but suffer from power  grray structure -a high resolution discrete lens array (DLA)
efficiency. In this paper, we propose a new communication ar- _yq"anaple guasi continuous aperturghased-MIMO opera-
chitecture — continuous aperture phased MIMO — that combins o
the advantages of both designs and promises very significant ion. The DLA-based analog-digital interface also offetsva-
capacity gains, and commensurate gains in power and bandwid complexity/low-cost alternative tdigh-dimensionalphased
efficiency, compared to the state-of-the-art. CAP-MIMO is tased arrays that employ digital beamforming for communication
on a hybrid analog-digital transceiver arc_hitecture that em_ploys but are too complex and/or expensive to build at this time.
a novel antenna array structure — a high resolution discrete |, o5 icyjar. in the context of gigabit LoS communication
lens array — to enable a continuous-aperture phased-MIMO . ' . .
operation. We will present the basic theory behind CAP-MIMO  links, the CAP-MIMO system combines the attractive feasure
and the potential capacity/power gains afforded by it. We wi ~ of conventional state-of-the-art designs — the power géin o
also highlight potential applications of CAP-MIMO in mm-wave DISH systems and multiplexing gain of MIMO systems — to
communications. deliver very significant capacity gains and commensuraitesga
in power and bandwidth efficiency. Furthermore, the hybrid
analog-digital architecture enables precise control @itiap
beams for link optimization and point-to-multipoint netko
operation that is not possible with existing designs.

The proliferation of data hungry wireless applications is |n a high-resolution DLA, a microwave lens with an ap-
driving the demand for higher power and bandwidth efﬁCien(.‘m'opriateW designequasi-continuous phase profi@rves as
in emerging wireless transceivers. Two recent techno#dgighe (continuous) radiating aperture that is excited by feled
trends offer synergistic opportunities for meeting theré@s- ements on an associated focal surface. Appropriatelyatligit
ing demands on wireless capacity: i) MIMO systems thgtocessed data streams excite the feed elements on the focal
exploit multi-antenna arrays for higher capacity by sirané- surface whereas the signal propagation from the focal arc to
ously multiplexing multiple data streams, and ii) millireet the aperture of the DLA affects an analog spatial Fourier
wave communication systems, operating in the 60-100Gltansform.
band that provide larger bandwidths. A key advantage of mm-The basic mathematical framework for CAP-MIMO systems
wave systems, and very-high frequency systems in genetfdveloped in this paper relies on a critically sampled @iscr
is that they offer high-dimensional MIMO operation withrepresentation of continuous aperture antennas or ragistir-

relatively compact array sizes. In particular, there hasnbefaces. The number of critical samples,represents the maxi-
significant recent interest in mm-wave communication syste

for high-rate (1-100 Gbl/s) Clommun.ication Oyer line-offig 1see, e.g., the commercial technology available from Bridye Commu-
(LoS) channels. Two competing designs dominate the sfate-dications; http:/iwww.bridgewave.com
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mum number ofinalog spatial modethat are excitable on the addresses the following fundamental questigfhat is the
aperture. The resulting sampled system can be concemdalilink capacity at any operating signal-to-noise ratio ENR)?

in two complementary but equivalent ways: i) asanx n  The CAP-MIMO theory is aimed at characterizing this fun-
MIMO system withn-element antenna arrays at the transmittetamental limit and the DLA-based realization of the CAP-
and the receiver, or ii) as two coupledelement phased MIMO system is aimed at approaching this limit in practice.
uniform linear arrays (ULAS). In developing the basic CAPAs elaborated in this paper, the two conventional designs,
MIMO theory, we leverage the connection between MIM@ISH and MIMO, are sub-optimum special cases of the CAP-
systems and phased ULAs from a communication perspectiddMO framework.

that was first established in [4] and further developed in [5] The novel features of the CAP-MIMO transceiver architec-

[6]. ture compared to state-of-art, include:
The basic CAP-MIMO theory is applicable to a very broad

class of communication links: short-range versus longyean
LoS versus multipath propagation, point-to-point versas n
work links. However, our focus is on high-frequency (mm-
wave), high-rate (1-100 Gigabit/sec) LoS links, which cbul
either be short-range (as in high-rate indoor applications
e.g. HDTV) or long-range (as in wireless backhaul). In such
applications, out of the: possible analog modes, onty< n
digital modescouple the transmitter and the receiver and can
be used for simultaneously transmittipgdata streams. The
CAP-MIMO theory enables us to characterize the capacity
(maximum reliable rate) for any such LoS link and the DLA-
based analog-digital architecture enables us to apprdaeh t
link capacity in practice with a significantly lower compitgx
compared to traditional phased arrays that employ digital
beamforming.

In the next section, we present an overview of the CAP-
MIMO system for LoS links with one-dimensional (1D) linear
apertures and highlight its advantages over the two sfate-o
the-art competing designs : i) Conventional DISH systeras th
employ continuous aperture “dish” antennas, and ii) Coaven
tional MIMO systems that use discrete multi-antenna arrays
The basic CAP-MIMO theory for 1D apertures is developed *
in Sections 1ll-V, extension to 2D apertures is discussed in
Sec. VI, representative numerical capacity comparisoes ar
provided in Sec. VI, and details of the DLA-based realiaati
of CAP-MIMO transceivers is discussed in Sec. VIII.

1. OVERVIEW OF CAP-MIMO
Fig. 1 depicts a 1D LoS link in which the transmitter and

o The CAP-MIMO theory, that draws on insights, concepts
and tools from MIMO communication theory, signal
processing, and theory of phased arrays, enables us to
accurately estimate the capacity of an inherently analog
LoS link defined by continuous aperture antennas. (see
Sec. II-D, Sec. IV and Sec. V).

« The CAP-MIMO system combines the attractive features
of conventional state-of-the-art designs for LoS links —
the power gain of DISH systems and multiplexing gain
of MIMO systems — to deliver very significant capacity
gains and commensurate gains in power and bandwidth
efficiency. (see Sec. II-D, Sec. V and Sec. VII).

o The DLA-based realization of a CAP-MIMO system (see

Sec. VIII) is based on new insights provided by the CAP-

MIMO theory to approach the fundamental capacity of

an LoS link in practice. In particular, the novel hybrid

analog-digital architecture of a CAP-MIMO system en-
ables high resolution analog beamforming and provides

a significantly lower complexity analog-digital interface

compared to traditional phased array-based architectures

that employ digital beamforming (see Sec. 1I-C).

The high resolution DLA-based hybrid analog-digital

architecture enables precise control of spatial beams

for robust operation in mobile scenarios and point-to-
multipoint operation in network scenarios that is not

possible with existing designs. (see Sec. II-E).

« While lens arrays have been used for directional signaling
and beam steering, and provide an architecture for analog
beamforming rather than digital beamforming in phased

receiver antennas have a linear aperture of lengthnd are
separated by a distande Throughout, we assume thadt<

R. Let \. = ¢/ f. denote the wavelength of operation, where

c is the speed of light and. is the carrier frequency. For

arrays [7], [8], [9], [10], [11], [12], [13], [14], capacity
approaching signaling and precise beam agility, afforded
by the hybrid analog-digital CAP-MIMO architecture and
enabled by a high-resolution DLA [15], is not possible

fe €[60,100]GHz, A, € [3,5]mm. with traditional lens arrays or high-resolution DLAs

X alone.
2

A
M (ZR‘:,/) Sec. lI-A introduces the concept of analog versus digital
o ) modes that play a key role in the CAP-MIMO framework.
(0,0) Sec. II-B introduces the DLA-based hybrid analog-digital
architecture of a CAP-MIMO system for efficiently accessing
4 the information carrying digital modes vianalog spatial
beamforming Sec. II-C compares the complexity of the
analog-digital interface of a DLA-based CAP-MIMO system
to traditional approaches based on phased-arrays that use
For a given LoS link characterized by the physical parandigital beamforming Approximate closed-form expressions

eters (A, R, \.), as in Fig. 1, the CAP-MIMO framework for capacity are presented in Sec. II-D. (The accuracy of the

volin

Fig. 1. The LoS channel.



closed-form expressions is assessed with exact capaeity—an%» y i((;;~ U e’ H i
sis in Sec. V.) Sec. II-E introduces the concept of beamwidth™ ~ —> ~= — b@@piﬁi‘!ﬁfg =
agility for realizing different configurations of a CAP-MI®I _x®),| wigita) | xn wil
system that afford robustness in applications involvingiieo (nofse + interference)
links.

x>

. Reconfigured
(analog) X(n) > Channel

Fig. 3. The hybrid analog-digital architecture of a CAP-MI\Vsystem. The
A. Analog versus Digital Spatial Modes analog operation of the DLA is represented by the transfofm

To address the fundamental question of capacity, it is
insightful to view the LoS link from two complementary
but equivalent perspectives (see Sec. lll): as a criticaBystem. At the transmitter the architecture enables daess
sampled MIMO system and as two coupled phased arrdgsthe p digital modes,1 < p < pjq., denoted by the
[4], [5]. From a communication perspective, the continuougput signalsz.(i),i = 1,---,p. A variety of well-known
aperture antennas at the transmitter and the receiver canapgroaches, collectively called space-time coding tephes,
equivalently represented by critically sampled (virtuah) can be used for encoding information into the digital
dimensional ULAs with antenna spacin= \./2, where inputs {z.(i)}. In the simplest case - spatial multiplexing
n ~ 24/). is a fundamental quantity associated with a linedi6] - z.(i),i = 1,-- -, p represenp independent digital data
aperture antenna (electrical length). In other words, tisdaay  Streams. These independent digital signals are then mapped
spatial signals transmitted or received by the linear apert into n feed signals;z,(i),i = 1,---,n, on the focal surface
antennas belong to am-dimensional signal space. We ternof the DLA, via the digital transforntJ... While not shown, the
n as themaximum number of independeamialog (spatial) D/A conversion, including up-conversion to the passbanfi at
modessupported by the antennaBhesen spatial modes can, is done at the output oU.. (As noted next, the complexity
in turn be associated witlh orthogonal spatial beams thatof this D/A interface is on the order gf,,.. < n, rather than
cover the entire (one-sided) spatial horizenr(/2 < ¢ < /2 n in a conventional phased-array-based implementatiore) Th
in Fig. 1) as illustrated in Fig. 2(a). However, due to thanalog (up converted) signals on the focal surface of the DLA
finite antenna aperturd, and large distanc& > A between excite then analog spatial modes on the continuous radiating
the transmitter and the receiver, only a small number aperture of the DLA, via the analog transfoli,. The analog
modes/beamsy,... < n, couple from the transmitter to thesignals on the DLA aperture are represented by their cllifica
receiver, and vice versa, as illustrated in Fig. 2(b). Wentersampled version:(i),i = 1,---,n in Fig. 3.
Pmaz @S themaximum number of independeligital (spatial) We focus on the transmitter structure — the receiver also
modes supported by the LoS linkThe number of digital uses a DLA-based architecture to map the analog spatial
signals on the DLA aperture to signals in beamspace via
n sensors appropriately placed on the the focal surface. A
subset ofn signals on the focal surface of the receiver DLA
is then down-converted and converted into baseband digital
signals via an A/D. (The complexity of this A/D interface,
as in the case of the transmitter, is again on the order of
Pmaz < M, rather thann as in a conventional phased-array-
based design using digital beamforming.) The digital digna
) are then appropriately processed, using any of a variety of
(b) well-known algorithms (e.g. maximum likelihood) to recove
Fig. Zh CAIID-tI)VIIMO beampatter:nm = 40, p_mimf1 = 4. (@) Then an estimate,z.(i),i« = 1,---,p, of the transmitted digital
e e oos and ecever S072IS. The natue of decoding/estimaton aigorithmsha t
antennas. receiver is dictated by the nature of digital encoding at the

transmitter.
modes,pqz, 1S @ fundamental quantity related to the LoS The transmitter is represented by two transforms: thealigit
link and can be calculated as,,. ~ A%/(R\.) (see (21)). transform U, mapsp digital symbols (corresponding tp
The p,q. digital modes supported by the LoS link carry thelata streams) ta analogsymbols that excite: feeds on the
information bearing signals from the transmitter to theeireer focal arc of the DLA. The number of data streamjsan be
and govern the link capacity. In other words, the infornmratioanywhere in the range from 1 {9,,,..
bearing signals in the LoS link lie in @,,,,-dimensional  The analog transformlJ, represents theanalog spatial
subspace of the-dimensional spatial signal space associatéthnsformbetween the focal surface and the continuous radi-
with the antennas. ating aperture of the DLA. This continuous Fourier transfor
_ . ) is affected by the wave propagation between the focal seirfac

B. DLA-based Hybrid Analog-Digital Architecture and the aperture of the DLA. However, consistent with the

Fig. 3 shows a (baseband) schematic of a DLA-basedtical sampling of the aperture outlined in Sec. IlI-A, ghi
hybrid analog-digital architecture for realizing a CAPMD continuous Fourier transform can be accurately approxinat

0




by ann x n discrete Fourier transform (DFT) mat®d, (see to the multiplexing (MUX) configuration of the CAP-MIMO
(15)) corresponding to critical sampling of the aperturel arsystem, the D/A complexity is exacthpnq.. Whenp < praz,
the focal arc (surface in 2D). the complexity is a little higher thap,,.. (to realize robust
The n x p digital transform matrixU,. represents mapping beams with wider beamwidths), but still much smaller than
of thep, 1 < p < pmasz, iINdependent digital signals onto(see Sec. VIII)
the focal surface of the DLA, which is represented hy
samples. Different values qf represent the different CAP-
MIMO configurations (See Sec. II-D and Sec. II-E). For N this section, we present idealized closed-form expoessi
P = Pmas, the digital component is the identity transform. Fofhat provide accurate approximations for the capacity ef th
» < Pmas, the digital transform effectively maps the digitalCAP-MIMO system and the two competing state-of-the-art de-
signals to the focal arc so that data streams are mappedidns, DISH and MIMO systems, for a 1D LoS link depicted in
onto p beams with wider beamwidths. Wider beamwidths, ifii9- 1. The rationale behind these closed-form approxinati

turn, are attained via excitation of part of the aperturee(siS Presented i_n Sec. IV. _ _
Sec. VIII). 1) Conventional MIMO SystemOur starting point is the

o . conventional MIMO system that uses a ULA with,,,.
C. Analog-Digital Interface Complexity: CAP-MIMO versusantennas p,,.. also reflects the maximum multiplexing gain
Phased Arrays or the maximum number odligital modessupported by the

The DLA-based CAP-MIMO transceiver architecture proSystem. The required antenna spacing (Rayleigh spacing) to
vides the lowest-complexity analog-digital interface fac- Creat€pmaa orthogonal spatial modes between the transmitter
cessing thep,q, digital modes in a LoS link. To see this,and the receiver is given by
it is instructive to compare the CAP-MIMO transmitter with o3\
a comparable transmitter based onvaslement phased array. dray = =

To think in terms of a phased array, imagine that the continu- Pmaz
ous transmitter aperture in Fig. 1 is replaced wittaglement and the corresponding aperture is given by
phased array, where each element is associated with its own
RF chain, including an D/A converter and an up-converter. A = prmazdray 2)

In a phased-array, the., digital modes can be accessedgnoring path loss, and assuming omnidirectional anterthas

via digital beamforming each digital symbol, correspondingcapacity of the conventional MIMO system is given by
to a particular digital mode/beam is associated withran

dimensional phase profile across the entirelement phased Crmimo = Pmaz 108(1 + po? [Dhas) = Pmaa log(1 4 p)  (3)

array (the phase profile corresponds to a particular column\gnere , denotes the total transnBINR (signal-to-noise ratio)
then x n DFT matrixU, (se_e. (15)). As a resuIF, while only agpq o2 = p2. s the total channel power (captured p¥,,

small numbep;,,, < n of digital symbols are simultaneouslytransmit and receive omnidirectional antenna pairs). ghei
transmitted (spatial multiplexing), ail elements of the phasedgain antennas are used, the capacity expression (3) can be
array are involved in encoding the symbol into a correspugdi mogified by replacing with a higher effectivereflecting the
spatial beam via digital beamforming. Thus, the D/A inte€fa 5ntenna gains.

of a phased array-based system sisdimensional or has 2y conventional DISH Systenfor a given aperture4,
complexityn - n independent RF chains, each with its owRjefined in (2), the maximum number ahalog modesn, is

D/A and up-converter, are needed. o the number of Nyquist samples, spaceddoy \./2, that we
In a DLA-based CAP-MIMO transmitter, the,... digital can pack within the aperture

modes are accessed viamalog beamformingeach digital \ 94

symbol (represented by an output of the digital transférp), A=nd=n-L < n=""" (4)
corresponding to a particular digital mode/beam, is assedi 2 A

with a corresponding feed-element on the focal surface ®f ttn practice,n can be taken agn|. For the purposes of
DLA. Thus, even though the digital transforth, is n x p for our comparison, we will approximate the continuous apertur
general operation, only on the orderof,.. < n outputs are DISH system with a corresponding MIMO system equipped
non-zero or active and as a result a corresponding numbemgth an n-element ULA at critical spacing = X./2. The
feed elements (represented py, (i)} in Fig. 3) are active on DISH system has a higher total channel powgér= n? due

the focal surface of the DLA. As mentioned above, the D/#0 the continuous aperture which, in an ideal setting, isaégu
interface in a CAP-MIMO system is between the output dafistributed between thg,,... digital modes supported by the
the digital transformlJ, and the input of the analog transformLoS link. Thus, since the DISH system transmits a single data
U,. Thus, the the D/A interface in a DLA-based CAP-MIMOstream compared with,, ., streams in the MIMO system, the
system has a complexity on the order j9f,.., rather than capacity of the DISH system can be accurately approximated
the ordern complexity in a phased-array — only on the ordeas ) )
O pmas < n independent RF chains, each with its on D/A Cuish = log (1 + &) = log <1 L > (5)
an up-converter, are needed. Whes- p,,...., corresponding

D. Capacity Comparison

(1)

pmaw pmaw



3) CAP-MIMO SystemThe CAP-MIMO system combines

10 T T T

the attractive features of DISH (high channel power - argenn —e— DISH (= CAP-MIMO-EF)
gain) with those of MIMO (multiplexing gain). Furthermore, o CAP_MIMO-MUX
CAP-MIMO system has the agility to adapt the number of = 4= CAP-MIMO-INT
data streamsp, 1 < p < pmas- The capacity of the CAP- 102l

MIMO system for anyp € {1,2, - -, pmaz  Can be accurately
approximated as

2 2
Ce—mimo(p) = plog (1 + &) =plog (1 + pn )

Capacity (bits/s/Hz)

=
o

max pmaz
(6)
wherec? = n? as in the DISH system. We focus on three
CAP-MIMO configurations: .
o Multiplexing (MUX) configuration —p = p.q,. — that ~60
yields the highest capacity.
« Intermediate (INT) configuration — p = /P4, — that
yields medium capacity.
« Beamforming (BF) configuration — p = 1 — that yields
the lowest capacity, equal to that of the DISH system.

Fig. 4 shows the capacities of different systems along wittalue betweerl and p,,.. corresponding to different CAP-
the three CAP-MIMO configurations. The BF configuratiomMIMO configurations. The number of spatial beams used for
coincides with the DISH configuration. The figure corresmn@ommunication is equal tp. While the highest capacity is
to a linear array with aperturel = .43m, link length of achieved forp,,.., lower values ofp are advantageous in
R = 2.75m, operating atf. = 10 GHz with p,,.. = 4 applications involving mobile links in which the transreitt
andn = 29. As evident from the figure, between the twaand/or the receiver are moving. This is because of the beam
conventional systems, MIMO dominates at high SNRs whereagility capacity of the CAP-MIMO system: fqr < p,az, by
DISH dominates at low SNRs. CAP-MIMO on the other handppropriately reconfiguring the digital transfof, thep data
exceeds the performance of both conventional systemslower §treams can be encoded intbbeams withwider beamswidths
entire SNR range. which still cover the entire aperture of the receiver array.

Fig. 5 compares DISH, MIMO and CAP-MIMO MUX The use of wider beamwidths relaxes the channel estimation
configuration for a 60GHz link withd,, = 3.35m, R = 1km, requirements in the CAP-MIMO system.

Pmaz = 4 @ndn = 1342. The performance gains of CAP- Fig ¢ ilustrates the notion of beam agility for a sys-
MIMO over DISH and MIMO are even more pronounced ifjem using linear apertures with = 40 and pee = 4.

SNR (dB)

Fig. 5. Capacity comparison at 60 GHz

this case. Fig. 6(a) shows the beampatterns for the MUX configuration
for which p = pa: = 4 — 4 narrow beams couple with
10° ‘ ‘ ‘ , , , o the receiver aperture. Fig. 6(b) shows the beampatterns for

an INT configuration withp = 2. In this case 2 beams
are used for simultaneously transmitting 2 independerda dat
streams but the beamwidth is twice the beamwidth in the
MUX configuration. As a result the 2 beams still cover the
entire receiver aperture. Fig. 6(c) shows the beampatterns
for the BF configuration withp = 1. In this case a single
‘ ‘ data stream is encoded into a single beam with the largest
! -—;m?mm oMU beamwidth - 4 times the beamwidth in the MUX configuration.
= 4= CAP-MIMO-INT The BF configuration can be thought of as the CAP-MIMO
configuration that represents an optimized convention&HDI
, system - the capacity of a conventional DISH system cannot
R R T R R R S exceed the capacity of the BF configuration in a CAP-MIMO
SNR (dB) system. We note that fop < p,,.. wider beamwidths are
achieved via reconfigured versions of the digital transform
Fig. 4. Capacity comparison at 10 GHz U, that correspond to illuminating a smaller fraction of the
DLA aperture. This, in turn, requires excitation of a few mor
thanp,,.. elements on the focal surface of the DLA thereby
E. CAP-MIMO Configurations: Beam Agility slightly increasing the A/D complexity of the CAP-MIMO
As noted above, for a givep,,.., the CAP-MIMO system System (see Sec. VIII for details).
can achieve a multiplexing gain pfwherep can take on any  Fig. 7 illustrates the point-to-multipoint capability of a

Capacity (bits/s/Hz)
=
o

;| =@ DISH (= CAP-MIMO-BF)




A. The LoS Channel: MIMO meets Phased Arrays

Fig. 1 depicts the LoS channel in the 1D setting. The
transmitter and receiver consist of a continuous lineartape
of length A and are separated by a distanée > A.
The center of the receiver array serves as the coordinate
reference: the receiver array is described by the set oftpoin
{(z,y) 12 =0,-A/2 <y < A/2} and the transmitter array

(@) (b) is described by{(z,y) : « = R,—A/2 < y < A/2}. While

Fig. 6. CAP-MIMO Beampatterns for the three configuratiooss = 40 the ITOS “_nk can be analyzed using a gpntmuous representati
andpmas = 4. (@) MUX p = 4. (b) INT p = 2, (c) BF p = 1. [5], in this paper we focus on a critically sampled system
description, with spacing = \./2, that results in no loss
of information and provides a convenient finite-dimensiona

] ) ) _ system description for developing our framework [4].
CAP-MIMO system in which a single CAP-MIMO transmit- g, g given sample spacing the point-to-point commu-

ter s_imultgneously transmiFs tH =4 .spatiall_y distributed pication link in Fig. 1 can be described by anx n MIMO
receivers in a network setting. In the illustratian= 40 and system

Pmaz = 4 for.each individual link. .ThUSpmm =4 d:_:\_ta r=Hx+w @)
streams are simultaneously transmitted to each receiier, v _ ) ) ) )
streams/beams. We note that in practice> p... and as a Signal, w ~ CN/(0,I) is the AWGN noise vectorH is the
result for relatively small values ok, pye. K < n and the nXn channel matrix, and the dimension of the system is given
complexity of the D/A interface is still much smaller than Dy 4

traditional phased-array based system. n = {_J ) (8)

d

For critical spacingl = A\./2, n =~ 2A/). which represents
the maximum number of independent spatial (analog) modes
excitable on the array apertures.

The fundamental performance limits of the LoS link are
governed by (the eigenvalues of) the channel mafixn this
paper, we will consider beamspace representatiobl d#].
Furthermore, we will be dealing with discrete represeatei
of signals both in the spatial and beamspace domains. We use
the following convention for the set of (symmetric) indides
describing a discrete signal of length

I(n)={i-(n-1)/2:i=0,---,n—1} 9

120

150

180

210

240

which corresponds to an integer sequence passing thréugh
for n odd and non-integer sequence that does not pass through

whenn is even. It is convenient to use tpatial frequenc
Fig. 7. CAP-MIMO beampatterns for enabling point-to-ndiint operation 0 P 9 y

in the MUX configuration;n = 40 andpmaz = 4. (or normalized anglej that is related to the physical angle
as [4] p
0 = —sin(¢g) . (10)
Ae
I1l. SYSTEM MODEL The beamspace channel representation is based:-on

dimensional array response/steering (column) vector§)),
In this section, we develop a common framework fathat represent a plane wave associated with a point source in
developing the basic theory of CAP-MIMO and comparing the directiond. The elements o4, () are given by
with the two conventional designs: continuous-apertur8Hbl _ _ _jonbi .
designs, and conventional MIMO designs. Our emphasis is anif) = e , 1€I(n) (11)
on mm-wave systems in LoS channels. We first develop our (12)

framework for one-dimensional (1D) linear arrays and th&Qote thata(¢) are periodic ind with period 1 and
comment on two-dimensional (2D) arrays in Sec. VI. It is

insightful to view the LoS link in Fig. 1 from two perspectize 25 (#)an(0) = Y ani(0)a),(0) = Y e 2m0=0n
as a sampled MIMO system and as two coupled phased arrays. i€Z(n) i€Z(n)
This connection between MIMO systems and phased arrays sin(mn(0 —0')) A

was first established in [4]. = Sn((0-0)) fa(0=0") (13)



where f,,(6) is the Dirichlet sinc function, with a maximum horizon. Of these beams, onjy, ... = 4 couple to the receiver

of n atf = 0, and zeros at multiples akd, where array with a limited aperture, as illustrated in Fig. 2(bheT
1 d A, A, numberp,,.. can be calculated as
AHO = E ~ Z — A(bo ~ gAeo = E (14) 29mam A A2
. . . . . Pmaz = = 29mamn - 29mam_ ~ (21)
which is a measure of thgpatial resolutionor thewidth of a A, d R
beamassociated with an-element phased array. where 6,,,, denotes the(normalized) angular spreagub-

The n-dimensional signal spaces, associated with the tratended by the receiver array at the transmitter; we have used
mitter and receiver arrays in am x n MIMO system, can (10) and (16), noting thatin(¢mae.) =~ %, where ¢z
be described in terms of the orthogonal spatial beamsdenotes the physical (one-sided) angular spread subtdided
represented by appropriately chosen steering/respomserse the receiver array at the transmitter.
a,(#) defined in (12). For am-element ULA, withn = A/d, We note thatp,,.. in (21) is a fundamental link quantity
an orthogonal basis for th&* can be generated by uniformlythat is independent of the antenna spacing used. For the
sampling the principal period € [—1/2,1/2] with spacing conventional DISH system and the CAP-MIMO system we use
Ad, [4]. That is, d = X\./2. A conventional MIMO system, on the other hand,

1 i d USESPymae antennas with spacing..,; plugging A = ppe.d
U, = %[an(ei)]ieI(n) , Ui =iA0, = o=y (15) in (21) leads to the required (Rayleigh) spacihg, in (1).
The maximum number of digital modes,, ..., defined in (21)

is an orthogonal (DFT) matrix wittU/U,, = U, UY =L is a baseline indicator of the rank of the channel maixThe
For critical spacinggd = \./2, the orthogonal beams corre-actual rank depends on the number of dominant eigenvalues
sponding to the columns dfJ,,, cover the entire range for of HZ H as discussed in Sec. V.
physical angle_as € [-n/2,7/2]. . C. CAP-MIMO versus MIMO Beampatterns: Grating Lobes

For developing the beamspace channel representation, We
need to relate the beam directiénat the receiver to points Fig. 8 illustrates a key difference in the beampatterns of a
on the transmitter aperture. As illustrated in Fig. 1, a poirAP-MIMO system and conventional MIMO system. Fig. 8(a)
y on the transmitter array represents a plane wave impingitiystrates two of the,,., = 4 orthogonal beams that couple

on the receiver array from the directign~ sin(¢) with the With the receiver in a CAP-MIMO system with = 40.
corresponding given by (10) Fig. 8(b) illustrates the same two beams corresponding to

d a MIMO system withp,,,, antennas with spacing,.,. As
=Y Yy (16) evident, each beam exhibitg, = n/p;.. = 10 peaks — one
VR+y? R AR of which lies within the receiver aperture while the remagi

Using (16), we note the following correspondence between tfl (grating lobes) do not couple to the receitéese grating
sampled points on the transmitter array and the correspgndiobes result in overall channel power loss proportionahfo

sin(¢)

angles subtended at the receiver array compared to the CAP-MIMO system. The grating lobes also
) result in a loss of security and interference compared to-CAP
yi=id <= 0; = ip i € Z(n) (17) MIMO system.
which for critical samplingd = \./2 reduces to
Ac A
yi—z?@Gl—zllR,zeI(n). (18)

Finally, the n columns of matrix H are given bya(6)
corresponding to thé; in (18); that is,

. - Ac
H = [a,(0i)];cz(n) » 0i =iA0ch =i (19)

4R
We define the total channel power as Fig. 8. CAP-MIMO versus MIMO beampatterna: = 40, pmaz = 4. (a)
o? = tr(HTH) = n* . (20) rocenver (5) MIMO beampaters for the same o beams —1heing lobes
B. Channel Rank: Coupled Orthogonal Beams ﬁiﬂ‘;ﬁ;ﬁgeﬂﬂ‘d?ﬁg? ﬁ,’f;"gﬁ;‘,’“ in loss of channel powerksudiead to

For the LoS link in Fig. 1, the link capacity is directly
related to the rank aH which is in turn related to the number IV. IDEALIZED CAPACITY ANALYSIS: ARRAY GAIN,
of orthogonal beams from the transmitter that lie within the CHANNEL POWER, DIGITAL MODES
aperture of the receiver array, which we will refer to as the
maximum number of digital modeg, ... Fig. 2(a) shows
the far-field beampatterns corresponding to therthogonal
beams defined in (15) far = 40 that cover the entire spatial 2we note thatd,qy ~ ngAc/2.

In this section, we outline the derivation of idealized aapa
ity expressions in Sec. II-D. Consider a LoS with a given



n and ppe. It is well-known in antenna theory that theand we assume that is completely known at the transmitter
array/beamforming gain of a linear array of apertdrés pro- and the receiver. In this case, it is well-known that the
portional ton = A/()\./2). This gain is achieved at the bothcapacity-achieving input is Gaussian and is characteriged
the transmitter and receiver ends. However, for a giwgh., the eigenvalue decomposition of thex n transmit covariance
while the entire array aperture is exploited at the tranemit matrix [16]

side for each beam, only a fractid'p,,... of the aperture Sy =HH = vAVH (23)

is associated with a beam on the receiver side (see Fig. 2).

As a result, the total transmit-receiver array/beamfogjain - where 'V is the matrix of eigenvectors andA =

associated with each beam or digital mod@3gp, ... In the diag(A1,---,\,) is the diagonal matrix of eigenvalues with
ideal setting, the transmit covariance mat#b H hasp,... ».;N = o- = n?. In particular, the capacity-achieving
non-zero eigenvalues, each of siz8/p,..., corresponding input vectorx in (7) is characterized aéA(0, VA,VH)
to the total channel power af?> = n?. Distributing the total where A, = diag(p1,---,pn) is the diagonal matrix of
transmit 6NR), p, equally over thesg,,... eigenmodes gives eigenvalues of the input covariance matrix(xx"] with
the CAP-MIMO capacity formula in (6) fop = pnaz- tr(As) = >, pi = p. The capacity of the critically sampled
The CAP-MIMO capacity formula applies for ap = LoS link is then given by

1,2,- -+, pmae- In particular, forp = 1, the CAP-MIMO
capacity gives the maximum capacity for the (optimized) Clo) = AS&%):plog|I+AAS|
DISH system in which the link characteristics are adjusted n
so thatp,ey = 1. If ppas > 1, then the capacity of a DISH = max Zlog(l + Xipi) (24)
system which uses only a single transmission mode can be Pitdli PP i
bounded as As di d i f the ibl o

2 odes, e Sxpect ohlp, Modealboams o colple 10 he

pn 2 mo , maz

fo (1 * pmam) < Caish = log(1 + pAmaz) < log(1 + pn’) receiver array. However, the value pf,., in (21) provides

(22) only an approximate baseline value for the actual chanmél ra
where ), is the largest eigenvalue & "'H and satisfies for a given (A4, R, \.). In numerical results, we will replace
n?/Pmaz = 02 /Pmaz < Amaz < 02 = n®. The optimized Pmas With the effective channel rank, r s, which we estimate
capacity of the DISH system in (5) in fact corresponds to thes the number of dominant eigenvalues3f - eigenvalues

lower bound i”. (22). ~ that are above a certain fractione (0,1) of A4z
The conventional MIMO system uses,., antennas with
spacingd,q, given in (1). As a result the channel power is Perr = {i: X > Y Amas} (25)

p2,.. Which, along with total transmit power, is equally dis- i .
tributed within thep.,.. eigenmodes resulting in the capacity’Sind Pes- the system capacity can be accurately approxi-
expression (3); that is, each of thg,., eigenvalues oH#H Mated as

is of sizel in this case. Pesf

Another way to arrive at this idealized expression for the Clp) = max Z log(1 + Xipi)
capacity of the conventional MIMO system is that in this case P2 pi=p i
the transmit array gain ig,,.. (rather thann) and there is Retf
no receive gain (since each beam is exactly focussed on a = Zlog (1 A ) (26)
distinct receive antenna). As a result the total transetkive =1 /I

array gain associated with each beanpjs,, and the total where the last inequality corresponds to equal power dilmza
transmit power associated with each modepj,.... Yet to all thep.sr modes. As we discuss in our numerical results,
another way of thinking of the power loss in the conventiongthe effective channel rank, ¢, is somewhere in the range
MIMO system compared to CAP-MIMO is that each of the

Pmas beams in a MIMO system has, = n/pnq. grating Perf € [[Pmaz|s [Pmaz + 11]. (27)
lobes and as a result on a fractidrin, of the maximum
n-fold array/beamforming gain is achievable in the critigal
sampled conventional MIMO system. We now outline the system model for 2D square apertures.
Consider a LoS link in which both the transmitter and the
receiver antennas, separated by a distande feters, consist

In this Section, we outline exact Capacity ana|ySiS of ﬂﬁ square apertures of dimensichx A m2_ The maximum

CAP-MIMO system that refines the approximate/idealizegumber of analog and digital modes are simply the squares of
capacity expressions in Sec. II-D for the CAP-MIMO anghe linear counterparts:

DISH systems. The capacity expression for the MIMO system

in (3) is exact. noga = n?, n~24/)\ (28)
We consider a static point-to-point LoS channel for which 5 A2

the critically sampled channel matri in (19) is deterministic Pmaz2d = Pmaz > Pmaz & pA= - (29)

VI. TWO-DIMENSIONAL ARRAYS

V. EXACT CAPACITY ANALYSIS




The resulting MIMO system is characterized by thg X na4 10 1D apenture: 0GHz; R=1km; A=1.58m
matrix Hy, that can be shown to be related to the 1D channel
matrix H in (19) via

Hoy = H®H (30)

where® denotes the kronecker product [17]. The eigenvalue
decomposition of the transmit covariance matrix is sinylar
related to its 1D counterpart in (23)
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Capacity (bits/s/Hz)

= 8= DISH- Iovxllerbouﬁd
H H = # = DISH - upperbound (CAP-MIMO-BF)
Z:T.,Qd = HgdHQd = V2dA2dV2d —&— CAP-MIMO-MUX (app)
——+— CAP-MIMO-MUX (unif)
Vg = VRV, Asyy=ARA . (31) —p— CAP-MIMO-MUX (ex)

== MIMO

The channel power is also the square of the 1D channel power: 10° ‘ ‘ r;

2 92 4 _ 4 . -60 -40 -20 0 20 40 60

0.4 = N5y = n* = o.. With these correspondences, the SNR (dB)

idealized capacity expressions in Sec. Il and the exactoiigpa )

analysis in Sec. V can be used. (a) 1D Linear Aperture

2D aperture: 60GHz; R=1km; A=1.58m x 1.58m
T T T T T

VII. NUMERICAL RESULTS

In this section, we present some representative numerical
results to illustrate the capaci8XR advantage of the CAP-
MIMO system over conventional DISH and MIMO systems. B

Fig. 9 compares the three systems for a long range link, é
1km, at f. = 60GHz. Fig. 9(a) compares linear apertures with z X P P g ——
A_ = drqy = 1.58M correspondmg ton = 632 and Pmaz = 2. g 10 : ‘,: ] -_;:gf:;ﬂme_muxm(‘ ;pcp/;P-M'MO-BH
Fig. 9(b) presents the comparison for a corresponding 2&yarr 1. | —e— CAP-MIMO-MUX (unif
with a square aperture df58 x 1.58m?, with ngg = n? = Lok T CAR-MIMO-MUX (@)
399424 and pyaz 2d = P24 = 4. TWo dominant eigenvalues L | = MIMO (30d8B gain)
are used in the 1D systeny & .01) and 4 in the 2D system R x H
(v = .001). In the 2D comparison, we also include the capacity Yoo w0 20 0 20 20 60
of a conventional MIMO system with directional antennag tha SNR(@®)
provide a30dB gain. (b) 2D Square Aperture

Fig. 10 compares the three systems for a short-range (ffy. 9. Capacity versuSNR comparison between the CAP-MIMO, DISH
door) link, R = 3m, at f. = 80GHz. Fig_ 10(a) compares and MIMO systems for a long-range linkg = 1km. (a) 1D linear aperture

linear apertures withd = d,,, = 7.5cm corresponding to "ith A = 1.58m. (b) 2D square aperture.
n = 40 and ppq. = 2. Fig. 10(b) presents the comparison
for a corresponding 2D array with a square aperture of
7.5 x 7.5em?, with ngg = 1600 and piaz2qs = 4. Two
dominant eigenvalues are used in the 1D system=(.01) Fig. 3 shows a schematic of a DLA-based realization of a
and 4 in the 2D systemy(= .001). CAP-MIMO system. In this section, we provide details on the
Interestingly, in both above examples, the condition nunGAP-MIMO transceiver for 1D apertures. In Sec. VIII-A, we
bers,x = Amaz/Amin, fOr the subset of eigenvalues used imutline the simplest form for the transmitter architecttoe
capacity calculations arg;q = 14 and x24 = 216. Even accessing the,,.. digital modes in a LoS link in terms of
though the channel can support upzigr; = 2 modes for the analog transfornU, and the digital transfornU,. The
linear arrays,pma.: = 0.5, as calculated according to (21)basic architecture is based on DFTs and corresponds tdlgirec
emphasizing the fact that (21) is a baseline estimate (see thapping thep, 1 < p < piqz, digital streams into correspond-
range forp.ys in (27)). The numerical results correspond ting orthogonal spatial beams. In Sec. VIII-B, outline a more
first determiningl,.,,, corresponding to a givem,,.,, and then advanced transmitter architecture that corresponds tatexa
calculating the array dimension &s= (p,qz —1)drqy (rather capacity analysis in Sec. V and corresponding to accessing
than A = prazdray)- the p,.q. digital modes in terms opf,,.... Spatial eigenmodes
As evident from the above results, there is close agreaf-the LoS channel. The analog transfotiy, representing the
ment between the exact and approximate capacity estimaf@sA, does not change but the nature of the digital transform
Furthermore, the CAP-MIMO system exhibits very significalJ. is different in this case. The Fourier spatial modes, in
SNR gains over the MIMO and DISH systems at high spectrégrms of orthogonal spatial beams, in the basic architectur
efficiencies £ 20 bits/s/Hz); abouR0dB for linear apertures in Sec. VIII-A, represent approximations of the spatialegig
and more thanrl0dB for square apertures. modes in Sec. VIII-B. In Sec. VIII-C, we outline details of

VIIl. D ETAILS OF THECAP-MIMO TRANSCEIVER
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Fig. 11. Comparison between a dielectric lens (a), a t@uhli microwave
= #% = DISH - upperbound (CAP-MIMO-BF)

O— CAP-MIMO-MUX (app) lens composed of arrays of receiving and transmitting amater(b), and the
—t— CAP—MIMO-MUX (UE% proposed conformal metamaterial-based microwave DLA aseg of sub-
—p— CAP-MIMO-MUX (eX) wavelength periodic structures (c).
== MIMO

-40 —26 6 26 4‘0 60
SNR (dB) . . .
Fourier transform is affected by the wave propagation betwe

(a) 1D Linear Aperture the focal arc and the aperture of the DLA. However, consisten
2D aperture: 80GH2; R=3m; A=7.5cm x 7.50m with the critical sampling described in Sec. Ill, we can accu
‘ ‘ ‘ ‘ ‘ rately approximate this continuous Fourier transform by an
n x n discrete Fourier transform (DFT) matrix corresponding
w0 to critical (Nyquist) -A./2 - sampling of the aperture and the
focal arc:
g
£ 1 oo
20l ‘ U.(¢,m) = %e w , LeI(n), meI(n) (32)
8 = @ = DISH - lowerbound
o Cap o Gy MOERY The index? represents samples on the aperture (spatial do-
~—@— CAP-MIMO-MUX (unif) main) and the indexn represents samples on the focal arc
—6— CAP-MIMO-MUX (ex)
- - MIMO (beamspace).
o 20 o % . o The analog component of the CAP-MIMO architecture is
SNR (dB) based on a high-resolution DLA to approximate a continuous-
(b) 2D Square Aperture aperture phased-MIMO operation that enables capacity max-

! . , imization of a LoS link as well beam agility for robust
Fig. 10. Capacity versuSNR. comparison between the CAP-MIMO, DISH . Ei 11 id . b d
and MIMO systems for a short-range link — 3m. (a) 1D linear aperture OP€ration. Fig. provides a comparison between a dou-

with A = 7.5cm. (b) 2D square aperture. ble convex dielectric lens, a conventional microwave lens
composed of arrays of receiving and transmitting antennas
connected through transmission lines with variables lengt
the corresponding DLA-based receiver architecture. In Bec [7], [8], [9], [10], [11], [12], [13], [14], and a high-resation
we discuss extensions of the CAP-MIMO system for norBLA that we plan to use in this work [15]. The high-resolution
identical transmit/receive antennas as well as for muhtipaDLA is composed of a number of spatial phase shifting
propagation environments. Sec. X provides some additiorséments, or pixels, distributed on a flexible membrane. The
details relating to a practical implementation of the ollerdocal transfer function of the spatial phase shifters can be
CAP-MIMO system. tailored to convert the electric field distribution of an ihent
electromagnetic (EM) wave at the lens’ input aperture to a
desired electric field distribution at the output apertdrieese
The transmitter consists of two transforms. The digitdligh-resolution DLAs have several unique advantages over
transformU, maps thep independentigital symbols (cor- conventional antenna-based microwave lenses, includipg:
responding top simultaneous data streams) into analog Their spatial phase shifters are ultra-thin and their &ter
symbols that excite: feeds on the focal surface of the DLA.dimensions can be extremely small, edgd5\. x 0.05\. as
The analog transforJ, represents the DLA that maps the opposed to\./2 x A./2 in conventional DLAs [15]. This
analog signals on the focal surface of the DLA to the spatiaffers a greater flexibility and a higher resolution in degang
signals radiated by the DLA aperture. Further details on thiee aperture phase shift profile of the lens; 2) Due to their
two transforms for the simplest architecture are provided small pixel sizes and low profiles, the high-resolution DLAs
the following subsections. have superior performance at oblique angles of incidente wi
1) The Analog TransfornU,: The analog transfornU, field of views of+70°; and 3) Unlike conventional microwave
represents the analog spatial transform between the facal denses, high-resolution DLAs can operate over extremetiewi
face and the continuous aperture of the DLA. This continuobandwidths with fractional bandwidths exceedBj%.

A. Basic Transmitter Architecture



2) The Digital TransformU,. = U,: The n x p digital wheref,(-) is defined in (13)¢ € Z(n) represent the samples
transformU. represents mapping of the 1 < p < pna., Of the focal arc of DLA andn € Z(p) represent the indices
independent digital signals onto the focal arc (surfaceDi, 2 for the digital data streams. Note that for= paz(ne =
which is represented by, samples. Different values of n,n.s = 1), Uy reduces t0 @mqr X Pmae identity matrix.
represent the different CAP-MIMO configurations. We denotéven forp < p.q., Only a subset of the outputs &f, are
the digital transform for the basic transmitter architeetby active, on the order o0p,,..., which can be estimated from
Uy; that is, U, = Uy. For p = pmae: (MUX configuration), (38).

U, reduces topa: X Pmas identity transform; that is, the
Pmaz INPUtS are directly mapped to corresponding,. feeds B. The Modified Digital Transform: Transmission on Eigen-
on the focal arc. Fop < pnae, Ug effectively maps the modes

independent digital Zignalsbto the f(_)%al %rc Sl;) tbad{;gah Recall the system equation (7) for the critically sampled
streams are mapped ontobeams with wider beamwidt S1.0oS MIMO link. With reference to Fig. 3, the-dimensional

(covering the same angular spread - subtended by the recelgn smit signal vectors — [z1,---, a7 is a sampled

array aperture). Wider beamwidths, in tum, are attainQd_vr'epresentation of the signals radiated by the DLA aperture.
excitation of part of the aperture. We next provide an explic | o ore x — U.x.. where (with slightly modified

COESUUC“Q” ofU,. , o boy OO compared to Fig. 3, = (a1, Tan]” is the
oragivenp € {1,2,- -, pmax} representing the number,, _yimensional representation of the (analog) signals at the
of independent data streams, define twersampling factor ¢, <\ rface of the DLA Finally, thex, = U.x. Where
. 1 a eae
as Xe = [Teq,,2ep) T is the p-dimensional vector of digital
= =1, (33) ' < - .

Mos(P) = Pmaz/P 5 D=1, Pmas symbols at the input of the digital transforidh.. For the basic
The p digital streams are mapped into beams that are transmitter architgctureUe = Uy, whereUy is defined_in
generated by a reduced apertur@) = A/n, corresponding (38). For the basic transmitter structure, we can rewrite th

to system equation (7) directly in terms ®f as
Ng (p) = n/nos = np/pmaac (34) r = HU,Uyx,+w=HU,x, (39)
(fewer) Nyquist samples. The resulting (reduced) beanespac = H,.x. (40)

resolution is given by

Ab(p) = 1/na(p) = (1/n)(Pmac/p) = Abonos(p)  (35)

whereA#d, = 1/n is the (highest, finest) spatial resolution af- _ o ) )

forded by the full aperture. The reduced beamspace resolutlS the effectiven x p transmission matrix coupling the-

corresponds to a larger beamwidth for each beam. dlm_enS|or_1aI vector of input digital symbols,, to the the
Then x p digital transformU, consists of two components:-dimensional signals on the DLA apertute = Uj,X..

U, = U,U;. The na(p) x p transformU; represents the It can be showr_l [4], [18] that thQ). cqu_mn vectors of

beamspace to aperture mapping for thedigital signals U,, form approximate transmit (spatial) eigenmodefkthe

corresponding to an aperture with (p) (Nyquist) samples: transmit covgnance mat_n)Em_ = H"H ar_ld tran_sm_lttlng
over these eigenmodes is optimum (capacity-achievingh fro

Ui (t,m) = 1 izt /nose_jwrg% . (36) @ communication theoretic perspective. In other woids,
na(p) n enables optimal access to the {1, - - -, pma. } digital modes

. in the channel. We note that far< p,,.., the dimension of
wherel € Z (nq(p)) , m € Z(p). Then x n,(p) mapping >, is reduced due to partial excitation of the transmitter DLA
U, represents an oversampled - by a facigh,(p) = nos -

IDFT (inverse DFT) of thex, (p) dimensional (spatial domain) aperture - in other words, a _reconfl_gured version of t_h_e LoS
. } channel is in effect wheU, is configured for transmitting
signal at the output otJ;:

P < Pmae digital symbols simultaneously.
Us (£, m) = Lej% , LeT(n) , meI(n(p) (37) The approximate eigenproperty bf,, = U,U, gets more

where
Utw = Ua Ud (41)

vn accurate for large,,.... However, for relatively smalp,,q.,
For a givenn, pmas, and p, the n x p composite digital thiS approximation can be rather course. In this case, while
transform, Uy, can be expressed as U, still enables access to the digital modes, the columns of
U, deviate from the true spatial eigenmodes. We now outline
Ug(l,m) = (UUy)(l,m) = Z Uy (¢,i)U1(i,m) a modification of the digital transform to enable transnaissi
i€Z(na(p)) onto the true spatial eigenmodes of the channel3Lgt,.q =
B 1 1 ej%(zfmos )i HffedHred denote thep x p transmit covariance matrix of the
- VTos N reduced-dimensional x p channel matrixH, ., = HU,Uy
1€Z(ng) :
in (40). Further, let

o /NosMg e Ng \Nos mn ’ Etm,red = UredAredUi{ed (42)



denote the eigendecomposition of thg, .. whereU,., is 1D case for linear apertures. Extensions to 2D aperturksifol
thep x p dimensional matrix of eigenvectors and.q is apxp straightforwardly according to the comments in Sec. VI.
diagonal matrix of (positive) eigenvalues. With the knadge First, consider 1D LoS links in which the transmitter
of U,..q we can modifyU,, in (41) as and receiver have antennas of different sizds, and A,
respectively. Letn; ~ 2A4,/A. andn, ~ 2A, /). denote the
Ute = UaUaUred (43) corresponding number of analog modes associated with the
to enable transmission onto the exaceigenmodes for the @Pertures as calculated in (4). The maximum number of digita
channel where € {1, -, pmas }, Uy is the digital transform modes,p,q., supported by the LoS link is then given by
in the basic transmitter architecture defined in (38) &hdy A A,
is defined via the eigendecomposition in (42). We note that Pmac R, (45)
in this case the overalh x p digital transformU, in Fig. 3
is given byU, = U,U,..4 (as opposed tdJ. = Uy in the
basic architecture).

which is a generalization of (21). The details of the trahsge
architecture described in Sec. VIII are then applicabl@ais
n = n,; at the transmitter and = n,. at the receiver.

The CAP-MIMO transceiver is also applicable to scenarios
) . , involving multipath propagation (rather than LoS propamat
We have mainly focussed on the transmitter architectugg,nsider the general case for antennas as above corresgondi

thus far. In this section, we outline potential receivehde- ., andp, analog modes at the transmitter and the receiver.
tures. First of all, the receiver architecture is also DL&sed 5[, important difference in multipath channels is that the

to er_lable efficient access to thedigital modes. That is, the ,\mber of digital mode®,..... is larger and depends on the
receiver antenna consists of a DLA. In terms of the systegp,q,jar spreadsubtended by the multipath propagation envi-
equation (7), the:-dimensional received signaj representing ronment at the transmitter and the receiver [4]. For sinitglic

the signal on the aperture of the receiver DLA, gets mappgfpnose that the propagation paths connecting the traesmit
to ann-dimensional signaly,, the focal surface of the DLA gnq receiver exhibit physical angles within the following

via (symmetric) ranges:

. i ¢t S [_¢t,maza ¢t,mam] ) ¢T € [_¢r,mazv ¢t,maz] (46)
where then x n matrix/transformUZ! represents the mapping . . ,
from the receiver DLA aperture to the feeds on the foc¥{n€re¢: and¢, denote the physical angles associated with

surface. As in the case of the transmitter architecture hen tProPagations paths at the transmitter and receiver, respec
order ofp,,., €lements of, (feeds on the focal surface), outtiVely, and ¢; ma. and ér.mq. denote the angular spread of

of the maximum possible, will carry most of the significant the Propagation environment as seen by the transmitter and
received signal energy. A/D conversion at the receiver (iIRECEVET, respectively. In this case, as in the LoS casg.
cluding down conversion from passband to baseband) appfi§Pends on the number of orthogonal spatial beams/modes on
to these active elements ef,. Thus, the complexity of the the transmitter and receiver side that lie within the angula

AID interface at the receiver has a complexity on the order 8pread of the scattering environments. To calculgtg:, first
Pmas- The resulting vector of digital symbols, derived fram calculate the (normalized) angular spreads according @ (1

via A/D conversion, can be processed using any of a varidf) critical d = A./2 spacing:
of algorithms known in the art (e.g., maximum likelihood 0r.maz = 0.55I0(dr maz) » Ormaz = 0.5S(Prmaz)  (47)

detection, MMSE (minimum mean-squared-error) detection ) ] _
MMSE with decision feedback) to form an estimate, at The spatial resolutions (measures of beamwidths) at tims-tra

C. Receiver Architecture

r, =Ulr (44)

the receiver of the transmitted vector of digital symigpl ~ Mitter and the receiver are given by

We note that any of a variety of space-time coding tech- 1 1

. o X = Abpr=—, Ay, = — . (48)
nigues may also be used at the transmitter in which digital in ’ ng ’ Ny

formation symbols are encodeq intsequence/block @oded  Then, analogous to the derivation of (21), the number of
vector symbols{x. (i)}, wherei denotes the time index. Thegrthogonal beams at the transmitter and the receiver that

the art. In this case, the corresponding sequence/block

received (coded) digital symbol vectors, derived frop is

processed to extract the encoded digital information sysabo Pmast = 22“;@646 = $in(y.maa )1t & 251D(¢;\,maz)At
o,t c
IX. EXTENSIONS TODIFFERENTSIZED ANTENNAS AND 20, ) 2 SIn(Gr.maz ) A
MULTIPATH CHANNELS Pmazs = “xp—= = SIN(Gr, maz ) r A 4@/\0 )

We have described the CAP-MIMO theory for the speciglng the maximum number of digital modes supported by the
of LoS link with identical-sized antennas. We now outline thmytipath link is given by the minimum of the two

general case for LoS links and also extensions to channels .
with multipath propagation. We discus the extension in the Pmaz = MIN(Pmaz,t; Pmaz,r) - (50)



X. IMPLEMENTATION DETAILS

We now provide some implementation details at the trand!l
mitter side, in particular emphasizing the D/A interface be
tween the digital and analog transforms in Fig. 3. Similaf2]

details apply on the receiver side.

First, with a slightly different notation compared to Fig. 3 (3]

let x.(i) = [2e,1(8),Te2(i), -, 2, (i)]T denote thep-
dimensional vector of input digital symbols at (discreie)e

index i. The p input digital data streams correspond to theg;
different components ok.(i). The digital symbols may be

from any discrete (complex) constellatiéh of size |Q|. For

example,|Q| = 4 for 4-QAM. Each vector symbol contains

plog, | Q| bits of information,log, |Q| bits per component.

The digital transfornlU.. is an x p matrix that operates on

the (column) vectok. (¢) for eachi; that is,

Xq(1) = Uexc(i) , i =1,2,--- (51)

where x,(i) = [741(1),7a2(i),  ,2an(i)]T is the n-
dimensional vector of (digitally processed) digital syrsbat
the output ofU, at time indexi. As noted earlier, for each
only a small subset of output symbolsin (i), on the order
of Pmaz, 1S NON-zero. Let this subset be denoted®@y The

of x,(7) in O can be represented as

Tau(t) =D Tapg(t—iTs) , LEO (52)

wherez, ¢(t) denotes thenalog signal at the output of the
D/A, associated with thé-th output data stream in the sét

g(t) denotes the analog pulse waveform associated with each

digital symbol, andl’; denotes the symbol duration.
The analog signal for each active digital streapy(¢) is
then upconverted onto the carrier

Tae(t) = xgé(t) cos(2m fet) — xf,g(t) sin(2rfet) , £€O
(53)

corresponding to the active componentdinare then fed to
corresponding feeds on the focal arc.
Since each vector digital symbol contaimbg, | Q| bits of

information, the transmission rate in bits per second igmiv

by
R— plogy |Q|

> (54)

bits per second

For example, forp = 4, 4-QAM constellation, and a band-

[10]

ik

[13]

[14]
[15]

[16] I.

[17]
Wherexg,g(t) and:z:asj(t) denote the in-phase and quadrature-

phase components af, ,(¢). The upconverted analog signal

S18]
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