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Abstract—Given the proliferation of wireless communication power efficiency but no spatial multiplexing gain, and ii)
devices, the need for increased power and bandwidth efficiey  MIMO systems that use discrete antenna arrays for a h|gher

in emerging technologies is getting ever more pronounced.viio multiolexing aain but suffer from power efficiency: see
technological trends offer new opportunities for addressig these P 99 P Y €9

challenges: mm-wave systems (60-100GHz) that afford large (1], [?]' [3]- .

bandwidths, and multi-antenna (MIMO) transceivers that exploit This paper develops the basic theory of a new MIMO
the spatial dimension. In particular, there has been signifiant transceiver architecture — continuous aperture phased®)CA
recent interest in mm-wave communication systems for higliate  MIMO — that combines the elements of MIMO, continu-
(1-100 Gb/s) communication over line-of-sight (LoS) charels. 5 aperture antennas, and phased arrays for dramatically

Two competing designs dominate the state-of-the-art: i) tdi- . .
tional systems that employ continuous aperture “dish” ant@nas enhanced performance. CAP-MIMO is based orhybrid

and offer high power efficiency but no spatial multiplexing gain, ~@nalog-digital transceiver architecturéhat employs a novel
and ii) MIMO systems that use discrete antenna arrays for a antenna array structurea-high-resolution discrete lens array
higher multiplexing gain but suffer from power efficiency. In  (DLA) [4] — to enable aguasi-continuous aperturphased-
this paper, we propose a new communication architecture — @ MO operation. The DLA-based analog-digital interface

tinuous aperture phased MIMO - that combines the advantages | ff | lexity/| t alt ti ttah
of both designs and promises very significant capacity gains aiso ofiers a low-compiexity/low-cost alternative tugh-

and commensurate gains in power and bandwidth efficiency, dimensionalphased arrays that employ digital beamforming
compared to the state-of-the-art. CAP-MIMO is based on a for communication but are too complex and/or expensive to
hybrid analog-digital transceiver architecture that employs a build at this time. In particular, in the context of gigabib®

novel antenna array structure — a high-resolution dlscretelens communication links, the CAP-MIMO system combines the
array — to enable a continuous aperture phased-MIMO operatbn.

We present the basic theory behind CAP-MIMO and the potentia attractive -features of conventional statg-of-the-artgtes— the
capacity/power gains afforded by it. We also highlight potatial Power gain of DISH systems and multiplexing gain of MIMO

applications of CAP-MIMO in mm-wave communications. systems — to deliver very significant capacity gains and com-
mensurate gains in power/bandwidth efficiency. Furtheenor
|. INTRODUCTION the hybrid analog-digital architecture enables precisatrob

The proliferation of data hungry wireless applications g SPatial beams for link optimization and point-to-mudipt
driving the demand for higher power and bandwidth efficiend@Peration that is not possible with existing designs.
in emerging wireless transceivers. Two recent technotgic " @ high-resolution DLA, a microwave lens with an ap-
trends offer synergistic opportunities for meeting theréms- ProPriately designeduasi-continuous phase profigerves as
ing demands on wireless capacity: i) MIMO systems thétPe radla_tlng aperture that is excited by feed elemer_1ts on
exploit multi-antenna arrays for simultaneously multipeg 2" associated focal surface [4]. In CAP-MIMO, appropriatel

multiple data streams, and ii) millimeter-wave commuriaat digitally processed data streams excite the feed elemeants o

systems, operating in the 60-100GHz band, that providetar he focal surface and signal propag_ation frqm the focal arc t
aperture affects an analog spatial Fourier transform.

bandwidths. A key advantage of mm-wave systems is t ) _
they offer high-dimensional MIMO operation with relatiyel 1he basic mathematical framework for CAP-MIMO de-

compact arrays. In particular, there has been significarente VE!oPed in this paper relies on a critically sampled disret
interest in mm-wave communication systems for high-rate (iepresentanon of continuous aperture antennas or radiati
100 Gb/s) communication over line-of-sight (LoS) channelgurfa,ces' The number of cr|t|ca}l samples, represent_s the
Two competing designs dominate the state-of-the-art:aiy tr™maXImum humber ofinalog §pat|al modethat are excitable
ditional system’ which we refer to as DISH systems, thaP" the aperture. The resulting sampled system can be con-

employ continuous aperture “dish” antennas and offer hi&ﬁzptuallzed in two complementary but equivalent ways: i) as
ann x n MIMO system with n-element antenna arrays at

1See, e.g., the commercial technology available from Bridye Commu- the transmitter anq the _rece'ver’ or ”) as two COUpbd
nications; http://www.bridgewave.com element phased uniform linear arrays (ULAs). We leverage th



connection between MIMO systems and phased ULAs fro8ec. II-B introduces the DLA-based hybrid analog-digital
a communication perspective that was first established]in [&rchitecture of a CAP-MIMO system for efficiently accessing
and further developed in [6], [7]. the information carrying digital modes vianalog spatial
The CAP-MIMO framework is applicable to a very broacdheamformingThe complexity of the analog-digital interface of
class of communication links: short-range versus longean a DLA-based CAP-MIMO system is compared to conventional
LoS versus multipath propagation, point-to-point versas n approaches based on phased-arrays thatligial beamform-
work links. However, our focus is on high-frequency (mming. Approximate closed-form expressions for capacity are
wave), high-rate (1-1000 Gbps) LoS links, which could eithgresented in Sec. II-C. Sec. II-D introduces the concept of
be short-range (as in high-rate indoor applications, e@T¥) beamwidth agility for realizing different configuration$ a
or long-range (as in wireless backhaul). In such applioatio CAP-MIMO system that afford robustness in mobile links.
out of then possible analog modes, only< n digital modes
couple the transmitter and the receiver and can be used '?br
simultaneously transmitting data streams. The CAP-MIMO From a communication perspective, the continuous aper-
theory enables us to characterize the capacity for any sagh Lture antennas at the transmitter and the receiver can be
link and the DLA-based analog-digital architecture enshie €quivalently represented by critically sampled (virtuah
to approach the link capacity in practice with a significgntidimensional ULAs with antenna spacinyy= \./2, where
lower complexity compared to traditional architecturesdzh n ~ 24/ is a fundamental quantity associated with a linear
on phased arrays that employ digital beamforming. aperture antenna (electrical length). In other words, tiaam
In the next section, we present an overview of the CARpatial signals transmitted or received by the antennasgel
MIMO system for LoS links with one-dimensional (1D) lineatto ann-dimensional signal space. We termmas themaximum
apertures and highlight its advantages over the two statasmber of independeminalog (spatial) modessupported by
of-the-art designs: i) conventional DISH systems, and iihe antennasThesen spatial modes can be associated with
conventional MIMO systems. The basic CAP-MIMO theory: orthogonal spatial beams that cover the entire (one-sided)
for 1D apertures is developed in Sections 1ll-V, extension spatial horizon £7/2 < ¢ < 7/2 in Fig. 1) as illustrated
2D apertures is discussed in Sec. VI, representative noalerin Fig. 2(a). However, due to the finite antenna apertdre
capacity comparisons are provided in Sec. VII, and detaf®d large distancé? > A between the transmitter and the
of the DLA-based realization of CAP-MIMO transceivers igeceiver, only a small number of modes/beams,, < n,
discussed in Sec. VIII. couple from the transmitter to the receiver, and vice veasa,
illustrated in Fig. 2(b). We term,,,., as themaximum number
Il. OvERVIEW OF CAP-MIMO of independentligital (spatial) modessupported by the LoS

Fig. 1 depicts a 1D LoS link in which the transmitter an¢nk  The number of digital Modesynas, is a fundamental
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, wh
c is the speed of light and. is the carrier frequency. F
fe € 160,100]GHz, A, € [3,5]mm.

Analog versus Digital Spatial Modes
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4 Fig. 2. CAP-MIMO beampatterng: = 40, pmaz = 4. (&) Then = 40
2 orthogonal beams covering the entire spatial horizon. ({® #ynee = 4
orthogonal beams that couple the finite aperture antennas.

volin

Fig. 1. The LoS channel.

qguantity related to the Lo3ink and can be calculated as
For a given LoS link characterized by the physical param;,,., ~ A%?/(R\.). In other words, the information bearing
eters (A, R, \.), as in Fig. 1, the CAP-MIMO framework signals in the LoS link lie in @,,.,-dimensional subspace of
addresses the following fundamental questidvhat is the the n-dimensional signal space associated with the antennas.
link capacity at any operating signal-to-noise ratio SNR)? _ o )
The CAP-MIMO theory is aimed at characterizing this funB- DLA-based Hybrid Analog-Digital Architecture
damental limit and the DLA-based realization of the CAP- Fig. 3 shows a (baseband) schematic of a DLA-based hybrid
MIMO system is aimed at approaching this limit in practiceanalog-digital architecture for realizing a CAP-MIMO syst.
As elaborated in this paper, the DISH and MIMO designs afd the transmitter the architecture enables direct acoegs t
sub-optimum special cases of the CAP-MIMO framework. digital modes,1 < p < p,,4,, denoted by the input signals
Sec. II-A introduces the concept of analog versus digital(:),: = 1,---,p. Any space-time coding technique can
modes that play a key role in the CAP-MIMO frameworkbe used for encoding information into the digital inputs



=2y Py oy . surface. A subset ofi signals on the focal surface of the
X x,(2),| x@) | r _ X, . . .
— M C R :>y Y Receiver 7=, receiver DLA is then down-converted and converted into
- y . Reconfigured Processing .. . . R .
X0 | (digital) | x| (analog) | X() | " Channel wil baseband digital signals via an A/D. (The complexity of this

(noise + interference) A/D interface is again on the order of,.. < n, rather
thann as in a conventional phased-array-based system.) The
Fig. 3. The hybrid analog-digital architecture of a CAP-MIMsystem. digital signals are then appropriately processed, usirygodn
a variety of well-known algorithms, to recover an estimate,
{z.(7)}. These digital signals are then mapped intdeed 3.(i),i =1,---,p, of the transmitted digital signals.
signals, z,(i),s« = 1,---,n, on the focal surface of the
DLA, via the n x p digital transformU,. Different values c
of p represent the different CAP-MIMO configurations (See
Sec. II-C and Sec. II-D). Fop = pna.., U, reduces to the In this section, we present idealized closed-form expoessi
identity transform. Fomp < pn.., Ue effectively maps the that provide accurate approximations for the capacity ef th
digital signals to the focal arc so that data streams are CAP-MIMO, DISH and MIMO systems for a 1D LoS link
mapped onte beams with wider beamwidths (see Sec. Vlll)depicted in Fig. 1. The rationale behind these closed-form
The analog transformlJ, represents thenalog spatial approximations is presented in Sec. IV.
transformbetween the focal surface and the continuous radi-1) Conventional MIMO SystemOur starting point is the
ating aperture of the DLA. This continuous Fourier transfor conventional MIMO system that uses a ULA with,,q.
is affected by the wave propagation between the focal seirfasntennas p,,.. also reflects the maximum multiplexing gain
and the aperture of the DLA. However, this continuous Faurier the maximum number ofligital modessupported by the
transform can be accurately approximately byhamw: discrete system. The required antenna spacing (Rayleigh spacing) to
Fourier transform (DFT) matrilU, (see (14)) correspondingcreatep,,., orthogonal spatial modes is given by
to critical sampling of the aperture and the focal arc (siefa
2D). The analog signals on the DLA aperture are represented R\,
by their critically sampled version(i),i = 1,---,n in Fig. 3. dray =\ —— (1)
The DLA-based CAP-MIMO transceiver architecture pro- Pmax
vides_, the Iowest—c_omplexity analog—digitali interface ﬁm:—_ and the corresponding aperture is given by
cessing thep,,.., digital modes in a LoS link. To see this,
it is instructive to compare the CAP-MIMO transmitter with A = Prmasdray )
a comparable transmitter based ornraalement phased array. ‘

In a phased-array, the continuous transmitter apertureinlF |gnoring path loss, and assuming omnidirectional anterthes

is replaced with ann-element phased array, where eacBapacity of the conventional MIMO system is given by
element is associated with its own RF chain, including an

D/A converter and an up-converter. In a phased-array, thes, . —p . log(1+ po2/p2,ue) = Pmazlog(l+p) (3)

Pmaz digital modes can be accessed digital beamforming

- each digital mode/beam is associated withnadimensional wherep denotes the total transn8iNR (signal-to-noise ratio)
phase profile across the entireelement phased array. Asand o2 = p2,,. is the total channel power (captured b¥,,,.,

a result, alln elements of the phased array are involved iftansmit and receive omnidirectional antenna pairs). ghbt
encoding the symbol into a corresponding spatial beam \§ain antennas are used, the capacity expression (3) can be
digital beamforming. Thus, the D/A interface of a phaseghodified by replacing it with a higher effectiye

array-based system is-dimensional or has complexity. 2) Conventional DISH SystenFor a given aperture,

In a DLA-based CAP-MIMO transmitter, thg,... digi-  gefined in (2), the maximum number ahalog modesn, is
tal modes are accessed_\aala}log bgamformlngWh!Ie Not  the number of Nyquist samples, spaceddoy \./2
shown, the D/A conversion, including up-conversion to the
passband af., is done at the output diJ.. That is, the D/A Ae 2A
interface is betweeiU, and U, in Fig. 3. As elaborated in A=nd= Ny —n= BV (4)
Sec. VIII, even though the digital transforfd, is n x p for
general operation, only on the orderf,.., < n outputs are resulting in ann x n (virtual) MIMO system. The DISH
non-zero or active and as a result a corresponding numbesgstem has a higher total channel powgr = n* due to
feed elements (represented py, (i)} in Fig. 3) are active on the continuous aperture which, in an ideal setting, is egual
the focal surface of the DLA. Thus, the the D/A interface in istributed between the,,., digital modes. Since the DISH
DLA-based CAP-MIMO system has a complexity on the ord&ystem transmits a single data stream, its capacity can be
of pmas, rather than the order complexity in a phased-array.accurately approximated as

The receiver also uses a DLA-based architecture to map ) )
the analog spatial signals on the DLA aperture to signals in Claish ~ log (1 + &) = log <1 L > (5)
beamspace via sensors appropriately placed on the focal

. Capacity Comparison

pmaw pmaw



acity (bits/s/Hz)

Cap:

3) CAP-MIMO SystemThe CAP-MIMO system combinesfor the MUX configuration for whichp = p,.. = 4 and
the attractive features of DISH (high channel power - andend narrow beams couple with the receiver aperture. Fig. 5(b)
gain) with those of MIMO (multiplexing gain). Furthermore shows the beampatterns for an INT configuration with 2.
CAP-MIMO system has the agility to adapt the number of data this case 2 beams are used but the beamwidth is twice
streamsp, 1 < p < pmas- The capacity of the CAP-MIMO the beamwidth in the MUX configuration. Fig. 5(c) shows the
system for anyp can be accurately approximated as beampatterns for the BF configuration with= 1. In this
o2 o2 case, a single data stream is encoded into a single beam with
¢ > =plog <1 + ) the largest beamwidth - 4 times the beamwidth in the MUX
mar configuration. The BF configuration represents an optimized

wheres? = n? as in the DISH system. We focus on thre§onventional DISH system.
CAP-MIMO configurations:
o Multiplexing (MUX) configuration — p = p... — that
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(a) shows the capacities of different systems alo _
with the three CAP-MIMO configurations. The figure corre- (@) (b)
sponds to a short.-rangeR(: 3m) link W_lth linear aperture Fig. 5. CAP-MIMO Beampatterns for the three configurations+f = 40
A = 16cm operating atf. = 80 GHz with p,,., = 4 and  andpmae = 4. (@) MUX p=4. (b) INTp =2, (c) BF p = 1.
n = 85. As evident, between the two conventional systems,
MIMO dominates at high SNRs whereas DISH dominates . SYSTEM MODEL
at low SNRs. CAP-MIMO on the other hand, exceeds the ) )
performance of both conventional systems over the entifg SN N this section, we develop a common framework  for
range. Fig. 4(b) compares DISH, MIMO and CAP_M|MOd§veI0p|ng the baS|c_theory of CAP-MIMO and comparing it
MUX configuration for a long-rangeR = 1km) 60GHz link Wlth. the two conventhnal designs: con_‘unuous—apertu@l—ﬂ)} .
with linear apertured = 3.35M, pas = 4 andn = 1342. designs, and convenuqnal MIMO designs. Qur emphasis is
The performance gains of CAP-MIMO over DISH and MIMOPN Mm-wave systems in LoS channels. We first develop our
are even more pronounced in this case. framework for one-dimensional (1D) linear arrays and then
comment on two-dimensional (2D) arrays in Sec. VI. It is
insightful to view the LoS link in Fig. 1 from two perspectie
as a sampled MIMO system and as two coupled phased arrays.
This connection between MIMO systems and phased arrays
was first established in [5].

Ce—mimo(p) = plog (1 +

max

130

acity (bits/s/Hz)

A. The LoS Channel: MIMO meets Phased Arrays

Cap:
5

] ——DISH (= CAP*’M\MO*%IF) g i

J “: , AT e Fig. 1 depicts the LoS channel in the 1D setting. The

ity transmitter and receiver consist of a continuous lineartape
o O S ) “ * of length A and are separated by a distanée > A.

(a) Short-range link (b) Long-range link The center of the receiver array serves as the coordinate

Fig. 4. Capacity comparison for: (a) a short-range€ 3m) 1D link at g0 reference: the receiver array is described by the set oftpoin
GHz, (b) long-range k = 1km) 1D link at 60 GHz. {(z,y) : 2 =0,—-A/2 <y < A/2} and the transmitter array
D. CAP-MIMO Configurations: Beam Agility is described by{(z,y) : # = R, —A/2 < y < A/2}. While

the LoS link can be analyzed using a continuous representati
[%], in this paper we focus on a critically sampled system
description, with spacingl = \./2, that results in no loss

?f information and provides a convenient finite-dimensiona

As noted above, the CAP-MIMO system can achieve
multiplexing gain ofp € {1,---,pmas} corresponding to
different configurations. Lower values pfare advantageous

in applications involving mobile links. This is because Osystem description for developing our framework [5]
the beam agility capability of the CAP-MIMO system: for For a given spacing, the point-to-point LoS link in Fig. 1

p < Pmaz, DYy appropriately reconfiguring the digital transform .
U,, thep data streams can be encoded inteeams withwider can be described by anx n MIMO system
beamwidthsThe use of wider beamwidths relaxes the channel r=Hx+w @)
tracking requirements.

Fig. 5 illustrates the notion of beam agility for a 1D systerwherex € C" is the transmitted signat, € C™ is the received
with n = 40 and p;,,q, = 4. Fig. 5(a) shows the beampatternsignal, w ~ CN(0,1) is the AWGN noise vectorH is the



n x n channel matrix, and the system dimension is given by For developing the beamspace channel representation we

A note in Fig. 1 that a poiny on the transmitter array repre-
n= {_J ) (8) sents a plane wave impinging on the receiver array from the

d direction ¢ = sin(¢) with the corresponding given by (10)

For critical spacingl = A\./2, n =~ 2A/). which represents

the maximum number of independent spatial (analog) modes sin(¢) = % ~ R

excitable on the array apertures. VI +y

The fundamentql performance limits of the Lo_S IinI_< argsing (15), we get the following correspondence between
governed by (the eigenvalues of) the channel maixn this the sampled points on the transmitter array and the angles

paper, we will consider beamspace representatiobIdb]. subtended at the receiver array

Furthermore, we will be dealing with discrete represeaotti )

of signals_ both in the_spatial and beamspace dpmgin_s. We use yi = id == 0; = i d ,i€Z(n) (16)
the following convention for the set of (symmetric) indides RA.

describing a discrete signal of length

y edy

= ST (15)

which for critical samplingd = \./2 reduces to
In)={i—-(n-1)/2:i=0,---,n—1}. 9)

It is convenient to use thepatial frequencyor normalized 2

angle)d that is related tap as [5] Finally, the n columns of matrixH are given bya(6)

corresponding to thé; in (17); that is,

d
0= X sin(¢) . (10) \
¢ ] ] H= [an(el)]zez(n) 5 91 = z’AHch = Zé . (18)
The beamspace channel representation is basedi-on
dimensional array response/steering (column) vectys)), We define the total channel power as
that represent a plane wave associated with a point source in ) = )
the directiond. The elements o#,,(d) are given by o; =tr(H"H) = n" . (19)
ani(0) = €% e I(n) (11) B. Channel Rank: Coupled Orthogonal Beams

For the LoS link in Fig. 1, the link capacity is directly

Note thata() are periodic ind with period 1 and related to the rank dff which is in turn related to the number

a (0an(0) = Z an.i(0)at (0') = Z o—i2m(6—0")n of orthogonal beam; from the trar_13mitter that lie within the
ez ’ ez aperture of the receiver array, which we vy|ll refer to as the
sin(mn(0 — 0")) A maximum number of digital modes,,... Fig. 2(a) shows

= = fo(0—6) (12) the far-field beampatterns corresponding to therthogonal

sin(m (6 — 0)) beams defined in (14) for = 40 that cover the entire spatial
where f,,(0) is the Dirichlet sinc function, with a maximum horizon. Of these beams, ongy,.. = 4 couple to the receiver

of n at® = 0, and zeros at multiples akd, where array with a limited aperture, as illustrated in Fig. 2(bheT
numberp,,., can be calculated as

1 d Ac Ac
Ab, = —~ — <— A¢p, ~ — A, = — (13) 2
29mam A A
n A d 4 Pmax = - 29mamn - 29mam_ ~ (20)
which is a measure of thgpatial resolutionor thewidth of a Ao d  Rh
beamassociated with an-element phased array. whereb,,q, = 0.55sin(dmaz) denotes thénormalized) angu-

The n-dimensional signal spaces, associated with the trangr spreadsubtended by the receiver array at the transmitter;
mitter and receiver in an xn MIMO system, can be describedye have used (10) and (15), noting théh(¢pqz) %,
in terms of then orthogonal spatial beams represented tWhere@mu denotes the physical (one-sided) angular spread
appropriately chosen steering/response veciq(g) defined sybtended by the receiver array at the transmitter.
in (11). For amn-element ULA, withn = A/d, an orthogonal e note thatp,,,, in (20) is a fundamental link quantity
basis for theC" can be generated by uniformly samplingnat is independent of the antenna spacing used. For the
0 € [-1/2,1/2] with spacingAd, [5]. That is, conventional DISH system and the CAP-MIMO system we use
1 i d d = X./2. A conventional MIMO system, on the other hand,
U, = %[an(ei)]iel(n) , Oi=iA0o=— =i%  (14) usesp,., antennas with spacing.q,; plugging A = pr.a.d
in (20) leads to the required (Rayleigh) spacifig, in (1).
is an orthogonal (DFT) matrix wittU2#U,, = U,UZ = 1. The maximum number of digital modes,,...., defined in (20)
For critical spacingd = \./2, the orthogonal beams corre-is a baseline indicator of the rank of the channel matfixThe
sponding to the columns dfJ,,, cover the entire range for actual rank depends on the number of dominant eigenvalues
physical angles) € [—7/2,7/2]. of H”H as discussed in Sec. V.

~
~



C. CAP-MIMO versus MIMO Beampatterns: Grating Lobeswhere \,,.... is the largest eigenvalue & H and satisfies

Fig. 6 illustrates a key difference in the beampatterns of & /Pmaz = 02/Pmaz < Amae < 02 = n?. The capacity

CAP-MIMO system and a MIMO system. Fig. 6(a) illustrate§XPression in (5) corresponds to the lower bound in (21).
two of the p,.., = 4 orthogonal beams that couple with the The MIMO system useg,... antennas with spacinga,
receiver in a CAP-MIMO system wit = 40. Fig. 6(b) 9iven in (1). As a result the channel poweryi$,,, which,
ilustrates the same two beams corresponding to a MiM&ong with total transmit power, is equally distributed hiit
system withp,,,. antennas with spacing,.,. As evident, the pa €igenmodes resulting in the capacity expression (3).
each beam exhibits. = n/p... = 10 peaks — one of which
lies within the receiver aperture while the remainin@grating
lobes) do not couple to the receieFhese grating lobes result  We now outline exact capacity analysis of the CAP-MIMO
in overall channel power loss proportionalitg compared to system that refines the approximate/idealized capacity ex-
the CAP-MIMO system. The grating lobes also result in a loggessions in Sec. 1I-C. The capacity expression (3) for the
of security and increased interference. MIMO system is exact. We consider a static point-to-point
LoS channel for which the critically sampled channel matrix
H in (18) is deterministic and we assume that it is completely
known at the transmitter and the receiver. In this case, it is
well-known that the capacity-achieving input is Gaussiad a

is characterized by the eigenvalue decomposition ofntlven
transmit covariance matrix [8], [9]

V. EXACT CAPACITY ANALYSIS

S =HPH = VAV (22)

where V is the matrix of eigenvectors andA =
diag(A1,- -+, A\y) is the diagonal matrix of eigenvalues with

Fig. 6. CAP-MIMO versus MIMO beampatterns: = 40, pmaz = 4. (a) R S - G -
CAP-MIMO beampatterns for two of thg,,q. beams that couple with the Zz Ai = O = 1. In pamCUIar' the capacity ach|eV|ng

receiver. (b) MIMO beampatterns for the same two beams —ttiing lobes  iNput vectorx in (7) is characterized as/N (0, VAsVH)

associated with each beam result in loss of channel power. where A, = diag(pl, o ,Pn) is the diagonal matrix of
IV. 1DEALIZED CAPACITY ANALYSIS: ARRAY GAIN, eigenvalues of the input covariance matriXxx"'] with
CHANNEL POWER, DIGITAL MODES tr(As) = >, pi = p. The capacity of the critically sampled

We now outline the derivation of idealized capacity expreé‘-OS link is then given by

sions in Sec. II-C. Consider a LoS with a giverandp,,,4,.. It n
is well-known in antenna theory that the array/beamformirfg(r) = A‘:g&g):plog I+ AA| = p_:gagézpzlog(1+/\ipi)
gain of a linear array of aperturd is proportional ton = ’ ’ | 23)

A/(Ac/2). This gain is achieved at the both the transmitte{s yiscssed earlier, out of the possible communication

and receiver ends. However, for a given..., while the entire modes, we expect only,,.. modes/beams to couple to the
array aperture is exploited at the transmitter side for ea chiver array. However, the value pf,., in (20) provides

. - . . il axr
b?";‘]m’ gnly a fracrt:orn/pmz of_(;he aperlt:gre ; a:somate nly an approximate baseline value for the actual chanméd ra
with a beam on the receiver siae (see 9. )'_ S a reslfy a given(A4, R, A\.). In numerical results, we replagg, ...
the total transmit-receiver array/beamforming gain aiséed | i+ the effective channel ranlg., which we estimate as

) o o .
W'th. eacrr]] beam or d'g'ta_l mode 'BH/(I?I’”WH In the ideal the number of dominant eigenvalues®f- - eigenvalues that
setting, the transmit covariance matiik”H haspiaz NON- e above a certain fractione (0, 1) of Aas!

zero eigenvalues, each of sizé/p,,.., corresponding to the

total channel power of? = n?. Distributing the total transmit Perr = 1{i: Ni > Y Amaz (24)
SNR, p, equally over these,,.... eigenmodes gives the CAP- . )
MIMO capacity formula in (6) for = pmas. and approximate the system capacity as

The CAP-MIMO capacity formula applies for ajp = Pess
1,2, -, pmaz- In particular, forp = 1, the CAP-MIMO C(p) = max Zlog(l—i—)\ipi)
capacity gives the maximum capacity for the (optimized) i M pi=p i
DISH system in which the link characteristics are adjusted Peff
so thatp,ae = 1. If P > 1, then the capacity of a DISH > Z log (1 + i ) (25)
system can be bounded as i=1 et

on? where the last inequality corresponds to equal power diloca

log <1 + » > < Caish = 10g(1 + pAmaz) <log(1+pn?)  to all thep.;; modes. As we discuss in our numerical resuilts,

(21) the effective channel rank, s, is somewhere in the range

2We note thatd,qy ~ ngAc/2. Deff € ” maﬂa D?mam + 1” : (26)
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Capacity versuSNR comparison between the CAP-MIMO, DISH

and MIMO systems for a long-range linl® = 1km. (a) 1D linear aperture
with A = 1.58m. (b) 2D square aperture.

VI. TWO-DIMENSIONAL ARRAYS

Consider a LoS link in which both the transmitter and thasing the minimum aperturd = (p4: —

receiver antennas, separated by a distande wieters, consist

resulting MIMO system is characterized by thgy X noqg

matrix H in (18) via Hy;, = H ® H, where ® denotes

1D aperture: 80GHz; R=3m; A=7.5¢cm

2D aperture: 80GHz; R=3m; A=7.5cm x 7.5cm

- & - DISH - lowerbound
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(b) 2D Square Aperture

Capacity versuSNR. comparison between the CAP-MIMO, DISH

and MIMO systems for a short-range link = 3m. (a) 1D linear aperture
with A = 7.5cm. (b) 2D square aperture.

as calculated according to (20), emphasizing the fact 8@t (
is a baseline estimate (see the rangegfpry in (26)). The
We now outline the system model for 2D square aperturasimerical results correspond to first determinihg, and then

1)d,ay.

As evident from the above results, there is close agree-
of square apertures of dimensiohx A m?. The maximum ment between the exact and approximate capacity estimates.
number of analog and digital modes are simply the squamesrthermore, the CAP-MIMO system exhibits very significant
of the linear counterpartsizy = n? , Pmaz,2d = Pae- The  SNR gains over the MIMO and DISH systems at high spectral
efficiencies & 20 bits/s/Hz); abouR0dB for linear apertures
matrix Hy4 that can be shown to be related to the 1D channghd more thart0dB for square apertures.

the kronecker product [10]. The eigenvalue decompositfon o VIII. D ETAILS OF THECAP-MIMO TRANSCEIVER
the transmit covariance matrix is similarly related to ifS 1

counterpart in (22)X724 = HE Hyy = VouAo, VL and

Vo = VRV, Ayy = A® A. The channel power is also

the square of the 1D channel powet.,; = n3; = n* = o¢
With these correspondences, the idealized capacity esipres
in Sec. Il and the exact capacity analysis in Sec. V can be usg

VII.

We now present numerical 4 X . .
capacity8NR advantage of the CAP-MIMO system over? X " discrete Fourier transform (DFT) matrix corresponding

conventional DISH and MIMO systems. Fig. 7 compares tr}
three systems for a long range link,= 1km, at f. = 60GHz.
Fig. 7(a) compares linear apertures with= d,,, = 1.58m

c*

N UMERICAL RESULTS

results to

illustrate th

corresponding tor = 632 and p,,.. = 2. Fig. 7(b) presents _ )
the comparison for a corresponding 2D array with a Squa\p@ereﬁ represents samples on the aperture (spatial domain)
aperture of1.58 x 1.58m2, with nay = n2 = 399424 and andm represents samples on the focal arc (beamspace).

— 2
pmaw,Qd - pmam

the 1D system~ = .01) and 4 in the 2D systeny(= .001).

system with30dB-gain directional antennas. Fig. 8 compares
the three systems for a short-range (indoor) lifk,= 3m,
at f. = 80GHz. Fig. 8(a) compares linear apertures with

A = dyqy = 7.5cm corresponding te = 40 and ppa. = 2.

Fig. 8(b) presents the comparison for a corresponding 2&yarr
with a square aperture Gt5 x 7.5cm?, with nyy = 1600 and
DPmaz,2a = 4. Two dominant eigenvalues are used in the 1D

system § = .01) and 4 in the 2D systemy(= .001).

Interestingly, in both above examples, the condition num-
bers, x = Amaz/Amin, for the subset of eigenvalues useqr

Fig. 3 shows a schematic of a DLA-based realization of a
CAP-MIMO system. In this section, we provide details on the
CAP-MIMO transmitter for 1D apertures.

The analog transformlJ, represents the analog spatial

s 27em

e

NG

U.(¢,m) =

, L€ZI(n), meZ(n)

Fqurier transform between the focal surface and the coatisu
§erture of the DLA, that is affected by the wave propagation
between the focal arc and the aperture. However, we can ac-
gurately approximate this continuous Fourier transformahy

g critical sampling of the aperture and the focal arc:

(27)

= 4. Two dominant eigenvalues are used in The CAP-MIMO architecture is based on a high-resolution

DLA to approximate a continuous-aperture phased-MIMO op-
In the 2D case, we also include the capacity of a MIM@ration. Fig. 9 provides a comparison between a double sonve
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are xy14 = 14 and x24 = 216. Even though the channel canens composed of arrays of receiving and transmitting awater(b), and the
proposed conformal metamaterial-based microwave DLA as®g of sub-

support up top.rr = 2 modes for linear array$imqa. = 0.5,

wavelength periodic structures (c).



dielectric lens, a conventional microwave lens composeat-of transform,U,., can be expressed as
rays of receiving and transmitting antennas connectedigfiro

transmission lines with variables lengths (see, e.qg.,, [H], Uellym) = (UzUn)(f;m) = ‘ Z U (£, ) Ui, m)
[13], [14], [15], and a high-resolution DLA that we plan toeus L1 lez(t“(p)) _

in this work [4]. The high-resolution DLA is composed of a - — Z Rl G Prad i

number of spatial phase shifting elements, or pixels,idisted VTos Na i€T(na)

on a flexible membrane. The local transfer function of the 1 1 /

pixels can be tailored to convert the electric field disttii = mfna <n_a (nos - m)) : (30)

of an incident electromagnetic (EM) wave at the lens’ input
aperture to a desired electric field distribution at the attpWhere/.(:) is defined in (12)¢ € Z(n) represent the samples
aperture. These high-resolution DLAs have several unigue #f the focal arc of DLA andn € Z(p) represent the index for
vantages over conventional antenna-based microwaveslendge digital data streams. Note that for= prq., U reduces
including: 1) The pixels are ultra-thin and their dimensiont® 8Pmaz X Pmao identity matrix. Even fop < pmaa, only a
can be extremely small, e.9.05\. x 0.05). as opposed to Subset, on the order ¢f,..., of the outputs ofU. are active,
Ae/2 X Ac/2 in conventional DLAs [4]. This offers a higherWhich can be estimated from (30). o
resolution in designing the aperture phase profile; 2) Due toThe columns ofU. serve as approximate transmit eigen-
the small pixel sizes, high-resolution DLAs have large fielfnctions. Transmission on exact eigenmodes can be accom-
of views of £70° and 3) Unlike conventional microwavePlished by including ap x p preprocessing matriXU,
lenses, high-resolution DLAs can operate over extremediewiWhich is the matrix of eigenvectors df;{ H.,., where
bandwidths with fractional bandwidths exceedb. H,.q = HU, U, is then x p reduced dimensional channel
The n x p digital transformU, represents mapping of theMatrix. That is,Uc — UcUseq.
p, 1 < p < pmaz, digital signals onto the focal arc (surface IX. ACKNOWLEDGEMENT
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