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Abstract—We propose a new communication architecture –
continuous aperture phased MIMO – that combines the elements
of MIMO, continuous aperture antennas, and phased arrays, for
achieving the capacity of line-of-sight (LoS) links. CAP-MIMO
is based on a hybrid analog-digital transceiver architecture that
employs a novel antenna array structure – a high-resolution
discrete lens array – to enable a continuous aperture phased-
MIMO operation with a low-complexity analog-digital inter face.
Our focus is on millimeter-wave (60-100GHz) LoS links for
high-rate (1-100Gb/s) applications. We propose a framework for
modeling and analyzing a LoS link in beamspace, discuss the key
elements of the CAP-MIMO system, and present results on its
significant capacity advantages over two state-of-the-artdesigns:
i) systems that employ continuous aperture “dish” antennasfor
high power efficiency but no spatial multiplexing gain, and ii)
MIMO systems that use discrete antenna arrays for multiplexing
gain but suffer in power efficiency.

I. I NTRODUCTION

Millimeter (mm) wave communication systems, operating in
the 60-100GHz band, are emerging as a promising technology
for meeting the increasing demands on wireless capacity. In
addition to offering large bandwidths, a key advantage of
mm-wave systems is that they offer high-dimensional MIMO
operation with relatively compact antenna arrays. However,
unlike the original motivation for MIMO in rich multipath
environments, the recent interest in mm-wave MIMO systems
is mainly focussed on high-rate (1-100 Gb/s) communication
over line-of-sight (LoS) links due to the quasi-optical prop-
agation characteristics at mm-wave frequencies. Two design
approaches dominate the state-of-the-art: i) traditionalsystems,
which we refer to as DISH systems, that employ continuous
aperture “dish” antennas for high power efficiency but no
spatial multiplexing gain (e.g., the technology availablefrom
Bridgewave Communications); and ii) MIMO systems that
use discrete antenna arrays for a higher multiplexing gain but
suffer from poor power efficiency; see, e.g., [1].

This paper proposes a new wireless transceiver architecture
– continuous aperture phased MIMO – that combines the
elements of MIMO, continuous aperture antennas, and phased
arrays for achieving the capacity of line-of-sight (LoS) links.1

CAP-MIMO is based on ahybrid analog-digital architec-

1The authors would like to acknowledge the Wisconsin Alumni Research
Foundation and the National Science Foundation for supporting this work.

ture that employs a novel antenna array structure –a high-
resolution discrete lens array (DLA)[2] – to enable aquasi-
continuous aperturephased-MIMO operation. The DLA-based
analog-digital interface performs analog beamforming andof-
fers a low-complexity/low-cost alternative tohigh-dimensional
phased arrays that employ digital beamforming. In particular,
in the context of gigabit LoS links, CAP-MIMO combines the
power gain of DISH systems and multiplexing gain of MIMO
systems to deliver very significant capacity gains.

The basic mathematical framework for CAP-MIMO lever-
ages the connection between MIMO systems and phased uni-
form linear arrays (ULAs) from a communication perspective
that was first established in [3]. The CAP-MIMO framework
is applicable to a very broad class of scenarios: short-range
versus long-range, LoS versus multipath propagation, point-
to-point versus network links. However, our focus is on mm-
wave, high-rate (1-100 Gbps) LoS links, which could either be
short-range (as in high-rate indoor applications, e.g. HDTV)
or long-range (as in wireless backhaul). The DLA-based
architecture also enables point-to-multipoint network operation
that is not possible with existing designs.

Starting with an overview in the next section, Sections III-
V present the key elements of the CAP-MIMO system for
LoS links with one-dimensional (1D) linear aperture antennas.
The DLA-based low-dimensional analog-digital interface is
discussed in Sec. V. Sec. VI presents results on capacity ad-
vantages of CAP-MIMO over the state-of-the-art designs. For
details on the mathematical development, including extensions
to 2D apertures, we refer the reader to [4].A note on notation:
Lowercase boldfaced letters (e.g.,h) denote complex-valued
column vectors and uppercase boldfaced letters denote matri-
ces (e.g,H). tr(H) denotes the trace andHH the complex
conjugate transpose ofH.

II. OVERVIEW OF THE CAP-MIMO FRAMEWORK

Fig. 1 depicts a 1D LoS link in which the transmitter
and receiver antennas have a linear aperture of lengthA
and are separated by a distanceR � A. Let λc = c/fc
denote the wavelength of operation, wherec is the speed of
light and fc is the carrier frequency. Forfc ∈ [60, 100]GHz,
λc ∈ [3, 5]mm. For a given LoS link characterized by the
physical parameters(A,R, λc) the CAP-MIMO framework



addresses the following fundamental question:What is the
link capacity at any operating signal-to-noise ratio (SNR)?
The CAP-MIMO theory characterizes this fundamental limit
[4] and the DLA-based realization of the CAP-MIMO system
is aimed at approaching this limit.
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Fig. 1. The LoS channel.

From a communication perspective, the continuous aperture
antennas can be equivalently represented by critically sampled
(virtual) n-dimensional ULAs with spacingd = λc/2 where

n =
A

d
=

2A

λc

(1)

is a fundamental quantity associated with a linear aperture
antenna: The analog spatial signals transmitted or received by
the antennas belong to ann-dimensional signal space. We term
n the maximum number ofanalog (spatial) modessupported
by the antennas. Viewing the apertures as critically sampled
ULAs, the LoS link in Fig. 1 can be equivalently represented
by ann× n MIMO system [3], [4]

r = Hx+w (2)

wherex is the then-dimensional transmitted signal vector,r

is the received signal vector,w is the (white Gaussian) noise
vector, andH is then × n channel matrix. The fundamental
limits of the LoS link are governed by the singular values of
H. As we elaborate later,H exhibitspmax � n dominant non-
zero singular values due to LoS propagation. We termpmax as
themaximum number ofdigital (spatial) modessupported by
the LoS link. That is, the information bearing signals in the LoS
link lie in a pmax-dimensional subspace of then-dimensional
spatial signal space.pmax is a fundamental quantity related to
the LoS linkand can be calculated as (see (7))

pmax ≈ A2

Rλc

. (3)

Fig. 2 shows a (complex baseband) schematic of a DLA-
based hybrid analog-digital architecture for the CAP-MIMO
system. At the transmitter,p independent digital data streams,
1 ≤ p ≤ pmax, corresponding to the digital modes, serve as
the input vectorxe (xe(i), i = 1, · · · , p). For each symbol,

Fig. 2. The hybrid analog-digital architecture of CAP-MIMO.

xe is digitally transformed by then × p matrix Ue to yield
the vectorxa = Uexe. As elaborated later, only a subset of

elements ofxa, on the order ofpmax, are non-zero, which
(after upconversion and symbol pulse generation; not shown
in Fig. 2) serve as the analog signals that excite appropriately
placed feed elements on the focal surface of the DLA. The
(analog) operation of the DLA is represented by then × n
matrix Ua induced by the location of the feed elements
and the critical sampling of the aperture. Then-dimensional
signal vectorx = Uaxa represents the (critically sampled)
analog spatial signal radiated by the transmitter aperture. For
a perfectly designed DLA,Ua is an n × n discrete Fourier
transform (DFT) matrix. At the receiver, the analog signals
on the aperture are first processed by a DLA. Again, on the
order of pmax sensors on the focal surface of the DLA will
carry most of signal energy. These signals are downconverted,
sampled, and digitally processed to recover an estimate,x̂e of
the transmitted signal vectorxe.

III. C OMMUNICATION THROUGH SPATIAL BEAMS

The n spatial modes can be associated withn orthogo-
nal beams that cover the entire (one-sided) spatial horizon
(−π/2 ≤ φ ≤ π/2 in Fig. 1) as illustrated in Fig. 3(a). Each of
these beams can carry an independent data stream. However,
due to the finite apertures and large distanceR � A, only
a small number of modes/beams,pmax � n, couple from
the transmitter to the receiver, and vice versa, as illustrated
in Fig. 3(b). The low-dimensionality of LoS links can be
exploited by CAP-MIMO for simultaneously sending multiple
data streams to multiple receivers, as illustrated in Fig. 3(c).
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Fig. 3. CAP-MIMO beampatterns:n = 40, pmax = 4. (a) n orthogonal
beams covering the entire spatial horizon. (b)pmax beams that couple the
finite aperture antennas. (c) point-to-multipoint communication.

Then-dimensional signal spaces, associated with the trans-
mitter and receiver, can be described via appropriately chosen
steering and response vectors [3]. We use the following
convention for the set of (symmetric) indices for describing
a signal vector of lengthn: I(n) = {i − (n − 1)/2 :
i = 0, · · · , n − 1}. We define thespatial frequencyθ that
is related to angleφ as [3]: θ = d

λc

sin(φ) = 0.5 sin(φ). An
n-dimensional array response/steering vector,a(θ), represents
a plane-wave phase front associated with a point source in the
directionθ and its elements are given by

ai(θ) = e−j2πθi , i ∈ I(n) (4)

representing a discrete complex sinusoid, with frequencyθ,
over the sampled aperture. Note thata(θ) are periodic inθ
with period 1 and two different steering/response vectors are



orthogonal if their frequencies are separated by a multipleof
∆θo = 1/n, which is a measure of thespatial resolutionor
thebeamwidthassociated with ann-element phased array [3],
[4]. As a result, an orthogonal basis for then-dimensional
signal space can be generated by uniformly samplingθ ∈
[−1/2, 1/2] with spacing∆θo. In fact,

U =
1√
n
[a(θi)]i∈I(n) , θi = i∆θo =

i

n
(5)

is a (unitary) DFT matrix withUH
U = UU

H = I. For
critical λc/2 sampling, the columns ofU represent orthogonal
spatial beams that cover the entire range ofφ ∈ [−π/2, π/2],
as illustrated in Fig. 3(a).

IV. T HE LOS CHANNEL : COUPLED ORTHOGONAL BEAMS

We consider beamspace representation ofH [3], [4]. First
note that in Fig. 1 any pointy on the transmitter array
represents a plane wave impinging on the receiver array from
the directionφ ≈ sin(φ) ≈ y

R
. We thus get the following

correspondence between the critically sampled points on the
transmitter array and the angles subtended at the receiver array
[4]: yi = iλc

2 ⇐⇒ θi = 0.5 sin(φi) ≈ yi

2R = i λc

4R , i ∈ I(n).
Then columns ofH are given bya(θ) for theseθi

H = [an(θi)]i∈I(n) , θi = i∆θch = i
λc

4R
. (6)

We define the channel power asσ2
c = tr(HH

H) = n2.
The LoS link capacity is directly related to the rank ofH

which is in turn related to the number of orthogonal beams,
pmax, that couple the transmitter and the receiver, as illustrated
in Fig. 3. The numberpmax can be calculated as

pmax =
2θmax

∆θo
= 2θmaxn ≈ A2

Rλc

(7)

where θmax = 0.5 sin(φmax) denotes the one-sidedspatial
bandwidth, sin(φmax) ≈ A

2R , and φmax denotes the (one-
sided) angular spread of the signals subtended by the trans-
mitter array at the receiver array, and vice versa. We note that
pmax in (7) is a fundamental link quantity that is independent
of the virtual antenna spacing,d, used in our analysis.

The beamspace channel representation,Hb, clearly reveals
this lower-dimensional channel structure [3]

H = UHbU
H ⇔ Hb = U

H
HU (8)

whereU is the (unitary) DFT matrix which also represents
operation of a perfectly designed DLA. Fig. 4 shows a
zoomed-in contour plot of the absolute values ofHb for a
short-range 80GHz link withn = 80 and pmax = 2. As
evident, whileHb is ann×n matrix, only a (nearly diagonal)
sub-matrixH̃b of approximate sizepmax × pmax is non-zero,
indicating that all of the channel power is concentrated in
pmax-dimensional subspaces at the transmitter and receiver.
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Fig. 4. Contour plot of the beamspace channel matrixHb.

V. OPTIMAL SIGNALING : LOW-COMPLEXITY HYBRID

ANALOG-DIGITAL INTERFACE

Communication theory tells us that transmission and recep-
tion over the singular vectors ofH is optimal for achieving
capacity. The transformed channel matrix is diagonal, repre-
sentingnon-interferingchannels over which independent data
streams can be communicated. As evident from the near-
diagonal nature ofHb in Fig. 4, the DFT matrixU serves
as a good approximation to the singular vectors. Furthermore,
a subset ofpmax DFT basis vectors enables access to the
communication subspace. Since an ideal DLA affects a DFT,
Hb (with a pmax×pmax non-zero sub-matrix̃Hb), represents
the ideal channel matrix coupling the focal arc feeds of the
transmitter and receiver DLAs. Since the digital-to-analog
(D/A) interface occurs between the output ofUe and the input
to Ua (DLA) in Fig. 2, this means that a CAP-MIMO trans-
mitter (or receiver) has a D/A (or A/D) interface of complexity
of pmax, enabled byanalog beamformingperformed by the
DLA. In contrast, a conventional phased array-based system
with digital beamformingwill have an A/D (D/A) interface
of complexity n across the array elements. Exact channel
diagonalization can be realized via apmax-dimensional sin-
gular value decomposition (SVD) of̃Hb (rather than ann-
dimensional SVD ofH in a phased-array system) and using
the singular vectors in the digital transformUe in Fig. 2.

The analog transformUa Fig. 2 is a critically sampled
representation of theanalog spatial transformbetween the
focal surface and the continuous aperture of the DLA. With an
appropriately designed DLAaperture phase profile, this spatial
transform can accurately approximate a DFT;Ua ≈ U. CAP-
MIMO is based on a high-resolution DLA to approximate a
continuous-aperture operation. Fig. 5 provides a comparison
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Fig. 5. (a) a dielectric lens. (b) a traditional microwave lens. (c) a high-
resolution DLA composed of sub-wavelength pixels.

between a double convex dielectric lens, a conventional mi-
crowave lens composed of arrays of receiving and transmitting
antennas connected through transmission lines of variables
lengths (see, e.g., [5], [6]), and a high-resolution DLA [2].



A high-resolution DLA is composed of a number of spatial
phase shifting elements, or pixels, distributed on a flexible
membrane. The pixels are ultra-thin and their dimensions
are extremely small, e.g.0.05λc × 0.05λc as opposed to
λc/2×λc/2 in conventional DLAs, enabling a high-resolution
aperture phase profile design. These high-resolution DLAs
have other unique advantages, including large field of viewsof
±70◦ and extremely wide bandwidths [2]. The CAP-MIMO
theory also suggests a new approach to DLA phase profile
design that will be reported elsewhere.

VI. CAPACITY COMPARISON WITH STATE-OF-THE-ART

We next present closed-form expressions that provide accu-
rate approximations for the capacity of the CAP-MIMO, DISH
and MIMO systems for a 1D LoS link depicted in Fig. 1. For
details and exact capacity analysis see [4].

1) CAP-MIMO System:The CAP-MIMO system achieves
the capacity of a LoS link with givenn and pmax. It is
well-known in antenna theory that the array/beamforming
gain of a linear apertureA is proportional ton = 2A/λc.
This gain is achieved at the both the transmitter and receiver
ends. However, for a givenpmax, while the entire aperture
is exploited at the transmitter side for each beam, only a
fraction 1/pmax of the aperture is associated with a beam on
the receiver side (see Fig. 3). As a result, the total transmit-
receiver array/beamforming gain associated with each beamor
data stream isn2/pmax – the average of thepmax non-zero
eigenvalues of the transmit covariance matrixH

H
H. Distribut-

ing the total transmitSNR ρ over thesepmax modes yields
the following closed-form approximation for the capacity of
the CAP-MIMO system at anyρ

Cc−mimo(ρ) ≈ pmax log

(

1 + ρ
n2

p2max

)

. (9)

2) Conventional DISH System:A DISH system transmits
a single data stream. Thus, the CAP-MIMO capacity formula
(9) for p = pmax = 1 gives the capacity for anoptimized
DISH system in which the link is adjusted so thatpmax = 1.
If pmax > 1, then the capacity of a DISH system is given by

Cdish(ρ) = log(1 + ρλmax) (10)

whereλmax is the largest eigenvalue ofHH
H that satisfies

n2/pmax ≤ λmax ≤ n2.
3) Conventional MIMO System:A conventional MIMO

system with a multiplexing gainpmimo usespmimo antennas

with (Rayleigh) spacingdray =
√

Rλc

pmimo

to createpmimo

orthogonal channels [1], [4]. Assuming omnidirectional an-
tennas, the capacity of the MIMO system is given by

Cmimo(ρ) = pmimo log(1 + ρ) . (11)

If higher gain antennas are used, the capacity expression can
be modified by using a higher effectiveρ. Forpmax = pmimo,
the loss inSNR in a MIMO system compared to the CAP-
MIMO system can be attributed to the grating lobes/beams
due to larger than critical antenna spacing (dray ≈ n

pmax

λc/2)
[3], [4]. The grating lobes also result in increased interference
and reduced security.

4) Numerical Results:We note thatpmax, defined in (7)
is a baseline indicator of the rank of the channel matrixH.
The effective rank,peff , depends on the number of domi-
nant eigenvalues ofHH

H and and is typically in the range
peff ∈ [dpmaxe, dpmax + 1e] [4]. In both cases presented next,
pmax = pmimo = 2 whereaspeff = 3.
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Fig. 6. Capacity comparison for: (a) a short-range (R = 3m) 1D link at 80
GHz, (b) long-range (R = 1km) 1D link at 60 GHz.

Fig. 6(a) compares the capacity of MIMO, DISH and CAP-
MIMO systems for a short-range (R = 3m) link operating at
fc = 80 GHz with linear apertureA = 15cm corresponding
to a MIMO system withpmimo = 2 and dray = 7.5cm.
Critically sampled continuous aperture of the same size yields
n = 80 and pmax = 2 for the CAP-MIMO and DISH
systems. There arepeff ≈ 3 dominant eigenvalues ofHH

H

and the CAP-MIMO capacity is accurately approximated by
(9) with peff substituted forpmax. As evident, between the
two conventional systems, MIMO dominates at high SNRs
whereas DISH dominates at low SNRs. CAP-MIMO on the
other hand, combines the attractive features of DISH (high
power/antenna gain) and MIMO (multiplexing gain) to exceed
the performance of both conventional systems over the entire
SNR range. Fig. 6(b) compares the three systems for a long-
range (R = 1km) 60GHz link with linear apertureA = 3.16m
corresponding topmimo = 2 (dray = 1.58m), pmax = 2
(peff = 3), andn = 1265. The performance gains of CAP-
MIMO over DISH and MIMO are even more pronounced in
this case. We note that performance gains of CAP-MIMO are
even more pronounced for 2D apertures [4].
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