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Feasibility Study of Quasi-Optical MIMO Antennas
for Radiative Near-Field Links

Nuria Llombart™, Fellow, IEEE, and Shahab Oddin Dabironezare

Abstract—This article presents a feasibility study of single
feed per beam quasi-optical (QO) antennas for enabling inco-
herent multiple-input multiple-output (MIMO) array front-end
architectures at 270 GHz. The objective is to reach ultrafast and
radiated energy efficient point-to-point (PtP) wireless links by
exploiting the multimode capacity of radiative (Fresnel region)
near-field links. In this article, we present a feasibility study
of the number of independent links achievable with QO MIMO
incoherent arrays. For this purpose, we present theoretical curves
of the level of EM co-coupling and interference between the
multiple modes versus the link distance. The study focuses at
the 252-325 GHz spectral bandwidth defined by the new IEEE
802.15.3d standard. A specific and new MIMO array architecture
operating at 270 GHz based on a 2 x 2 array of parabolic
reflectors is proposed for a link distance of 100 m. The proposed
PtP MIMO system is capable of generating 16 dual-polarized
modes in a 70 GHz bandwidth with signal-to-interference ratio
>17 dB and a power co-coupling coefficient of —3 dB without
the need for interference cancelation techniques. Combining this
architecture with wideband front ends could potentially lead to
an aggregated data rate in the order of terabit per second in a PtP
wireless line-of-sight link, not previously achieved experimentally
to the best of authors’ knowledge.

Index Terms— Multiple-input multiple-output (MIMO), quasi-
optical (QO) antennas, sub-THz, wireless links.

I. INTRODUCTION

S DATA traffic in cellular networks keeps increasing,

extremely high backhauling speeds will be needed in
future 6G applications with radiated energy efficient sys-
tem architectures [1]. Current microwave wireless links fol-
low the classical far-field Friis equation, excluding fading
and multipath effects, where the transmitted electromagnetic
energy presents a spherical spatial spreading. This spreading
leads to orders of magnitude lower received power than
the one transmitted, and therefore to low radiated energy
efficiency [2]. On top of that, in order to reach a high
bit/s rate with a small radio frequency (RF) bandwidth with
low detection errors, the detected signal has to be orders
of magnitude above the thermal noise. Therefore, current
wireless links rely heavily on electronic amplification, which
requires significant extra dc energy [3]. The use of millimeter
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wavelengths with larger available bandwidth has already been
proposed in 5G networks as an alternative solution [4]. One
step further can be reached with the exploitation of higher
frequencies carriers (>100 GHz) [1]. For instance, the new
IEEE 802.15.3d standard [5] considers up to 70 GHz in
the H-band (252-325 GHz). However, there are important
challenges for exploiting this spectral bandwidth due to the
limited performance of integrated technology (low RF power,
nonlinearities, and high electronic noise) [6]. Therefore, new
communication system architectures based on low RF power
levels and basic signal processing techniques are needed for
the practical exploitation of this frequency band.

At microwave frequencies, the spectral capacity for a certain
bandwidth is improved via massive multiple-input multiple-
output (MIMO) architectures [7], [8], exploding the rich
scattering in the non-line-of-sight (NLoS) fading channels.
When moving to mm-wave frequency and outdoor ranges, with
limited scattering in the propagation environment, the use of
line-of-sight (LoS) MIMO for point-to-point (PtP) links has
been proposed instead [9]-[13], where directive antenna arrays
are properly distributed to increase the channel capacity via
relative phase shifts and summations of the received signals or
using precoding techniques. In the optical domain, the concept
of exploiting orbital angular momentum (OAM) in the phase
distribution of an electromagnetic field has also been proposed
to increase the number of PtP links [14], [15]. At millime-
ter frequencies, antenna arrays have also been proposed to
generate such phase modes [16], [17], leading to about 3—-6
independent spatial data streams. However, it has been argued
that there is no real advantage of such approach with respect
to a more classical MIMO implementation [18]. At far-field
distances, only the main OAM mode remains, and in near-
field distances, an MIMO array will lead to the same net
capacity. When moving to above 100 GHz frequency ranges,
these kinds of MIMO architectures will pose a strong demand
on the phase coherence for the analogue array front ends.
This demand is translated into requirements of stability and
linearity of the active devices, which is typically not achievable
with high-frequency electronics, limiting the practical data
rates [19]. Moreover, OAM and LoS MIMO architectures
are based on phase interference cancellation techniques to
ensure the independence between the modes and, therefore,
are intrinsically narrow-bandwidth and difficult to implement
at high frequencies.

In this work, instead, we study the feasibility of a different
MIMO array architecture, which could be combined with
wide spectral bandwidth front ends, for potential application
in 220-320 GHz band, where the received signal by each of
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Fig. 1. Mlustration of a QO MIMO system with multiple wideband
radiative near-field modes. This architecture leads to spatially multiplexed
data stream generated/detected by transmitting/receiving apertures coupled to
two antisymmetrical Tx and Rx FPAs with respect to the z-axis. Different
colors are used to illustrate the spatial near-field modes.

the array elements can be treated directly as an independent
data stream (see Fig. 1), without the need of further signal
processing or precoding techniques. For this purpose, we study
the potential capacity and link budget when electrically large
apertures are combined with single beam per element focal
plane arrays. Unlike the work in [20] which investigated
the capacity of THz links at far-field distances using Friis
equation, here, we consider links operating in the radiating
near field of electrically large apertures. Indeed, link distances
within a few 100 m can be effective in the radiative near field
and, therefore, the active energy can be focalized leading to
negligible propagation spreading losses. The use of electrically
large antennas operating in the radiative or Fresnel near-field
region has been widely proposed for enabling high efficiency
in wireless power transfer applications [21]-[23]. Another
great advantage of the proposed near-field link is the large
spatial multiplexing capability [11]. Multiple spatial and inde-
pendent electromagnetic near-field modes can be generated
and received via quasi-optical (QO) antennas composed of
a focusing component such as a lens or reflector fed by
a focal plane array. The generation and detection of the
MIMO signals can be achieved via a single feed per beam
focal plane configuration, where the main field coherence
comes from a QO antenna and, therefore, incoherent array
architectures can be used, as a contrary for OAM or LoS
MIMO implementations.

By implementing an analysis of the antennas in reception
[24], [25] combined with a near-field propagation, we analyze
the coupling and crosstalk between the multiple elements of
the transmitter and receiver arrays as a function of the antenna
diameter and link distance. It is found that QO MIMO archi-
tectures based on 16 incoherent transmitters and 16 incoherent
receivers could be generated over the 70 GHz bandwidth of the
IEEE 802.15.3d standard. The achieved signal-to-interference
ratio (SIR) is better than 17 dB for 100 m distances and
1 m apertures with only of —3 dB of power spreading for
each data stream without the need for interference cance-
lation techniques. Combining this antenna architecture with
wideband 270 GHz front ends [26]-[29] could enable PtP
wireless links with aggregated capacity in the order of Tbps.
The achieved MIMO capacity gain is also compared with a
classical LoS MIMO architecture. An implementation of the
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Fig. 2. Illustration of an M x M LoS MIMO system with a set of M =
4 x 4 transmit and receive antenna elements separated by a link distance R.

proposed QO MIMO architecture based on reflector antennas
is also simulated with a commercial software to validate the
theoretical study.

This article is structured as follows. Section II reviews a
standard LoS MIMO system and defines the benchmarks for
comparing the QO MIMO to the LoS one. In Section III,
the analysis methodology and achieved power coupling coeffi-
cients for radiative near-field LoS links are described. Sections
IV and V discuss the spatial multiplexing capabilities of QO
MIMO architectures using single or multi-near-field coherent
apertures, respectively. In Section VI, one specific QO MIMO
architecture is validated using commercial simulation software
and its bandwidth performance is investigated. Concluding
remarks are given in Section VIL

II. LoS MIMO SYSTEMS

Let us start by considering a standard LoS MIMO system.
The system is composed of a transmitter and a receiver where
each consists of a M = N x N square grid array, as depicted
in Fig. 2. Narrow-band MIMO systems have been addressed in
numerous publications with the following standard formulation
of the input—output signal relationship in complex baseband
notation [18]:

y=Hx+n (1)

where x and y are the input and output signal, respectively,
for each antenna element in Fig. 2; H is the MIMO channel
matrix, and the vector n represents the additive receiver noise.
The channel capacity of the MIMO system can be derived
as introduced by Telatar [30]. One can use a singular value
decomposition (SVD) of the channel matrix

H=UxVH 2

where U and V are the unitary matrices containing the left and
right singular vectors of H, respectively, while X is a diagonal
matrix with the positive singular values x; with i =1 to M,
in decreasing order. Equation (1) can also be expressed in the
beamspace [31] as follows:

y=U"HVZ+U"n =% +1 (3)

where ¥ and y correspond directly to the input/output signals
associated with each MIMO data stream and V and U¥ are
the beamforming matrices for the transmit and received arrays,
respectively. In our comparative study, we would assume
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that the amplitude and phase weights of these beamforming
matrices are realizable at any range.
The corresponding capacity of the MIMO system becomes

M 2
Cvivo = izl:logz(l + SNRsiso %) 4)
where SNRgiso = So/ Ny is the received signal, Sy, to noise,
Ny, ratio of the corresponding single input single out-
put (SISO) link assuming that all the available power is
distributed across the MIMO links. It is common to then define
a MIMO capacity gain as follows:

Cmmvo
Ghanvo log, (1 4+ SNRg;is0) ©
where the achieved MIMO capacity is benchmarked with that
of the SISO link.
The optimization of LoS MIMO systems has been widely
based on the assumption of far-field links where the channel
matrix is modeled using phase delays as follows:

hij = 7 ©)

where £;; is an element of the MIMO channel matrix H, with
rij being the distance between the ith receiver and the jth
transmitter (see Fig. 2), and k is the propagation constant.
The received power is evaluated using the Friis equation

f of 4 ’
ar
Ppx = PrxG (47rR) (N
where Pry is the transmitted power, G is the antenna gain of a
single element of the array in Fig. 2, and R is the link distance.
Under these assumptions, the channel matrix H is unitary and
the optimal array spacing becomes d = /AR/N leading to a
MIMO capacity gain of Gymo = N X N = M since the
interference or crosstalk between the data streams is fully
cancelled. For this optimal array spacing and specific range
distance, precoding techniques based on quadrature phase
shifters have been proposed in the millimeter-wave band to
simplify the beamforming implementation [32]. However, the
difficulties on implementing precoding techniques increases
significantly with frequency [33].

Equation (6) only holds when the link distance R is larger
than the far-field Rayleigh limit considering the entire array
aperture [i.e., R > 2(N — 1)2d*/A]. This condition is only
verifiable for 4 x 4 LoS MIMO configuration when the
aperture size of the array elements, D, is much smaller than
d. For other configurations with N > 2, the amplitude of
the channel matrix elements will not be any more equal to
1 but altered by the radiation pattern of the array elements as
follows:

hij = | Eo(6:5) e ®)

where Ey(6;;) < 1 is the normalized radiation pattern of
the array elements from Fig. 2. For the sake of simplicity,
all the elements are considered to be the same and radiating
rotationally symmetric fields. The angle ;; corresponds to the
subtended #-angle between the ith transmitter and jth receiver.
Equation (8) is now valid as long as R is larger than the
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far-field Rayleigh limit considering the aperture size of the
elements (i.e., R > 2D?/J). Similar steps described before can
be performed to derive the MIMO capacity as in (4). In this
work, we model the transmitting and receiving antennas using
equivalent electric field aperture distributions [34] with the
following expression:

: . D\ -4

Ep(p) = E001rc(p, 5)6 "0 X )
where circ function indicates a circular aperture domain with
the diameter D, p is the radial position on the aperture, X refers
to an x-polarized electric field, and wo = 0.44 D is defined to
achieve a —11 dB field edge taper. This expression models
well the aperture distribution in front of highly directive
antennas, such as parabolic reflectors or lenses. Ey(6;;) in (8)
is calculated by taking the Fourier transform of (9).

Let us consider an R = 100 m link operating at frequency of
270 GHz in line with the new IEEE H-band standard for LoS
wireless applications [5]. Here, the MIMO array spacing, d,
is optimized for 100 m distance. The considered configurations
are a 4 x 4 LoS MIMO where D = (d/1.38) = 16.67 cm
and D = d/4 = 5.75 cm. We assume a wide bandwidth of
35 GHz and a noise figure of 10 dB leading to —59 dBm of
noise power. The total transmitted power, Pry, is —14.4 dBm
for D = d/1.38 and 4 dBm for D = d/4 to compensate for
the lower antenna gain in (7). To compare these geometries,
we can look into the average of the signal-to-noise ratio (SNR)
in decibels

(10)

| M
SNREE — ~ ,21: SNR¢®
where SNR; = SNRy?/M. Since the capacity of a MIMO
system, (4), scales logarithmically with SNR, average SNR in
dB is chosen as a parameter to represent the performance of
the considered MIMO systems. Fig. 3(a) and (b) shows SNRS\I?e
and Gmimo, respectively, for both cases and the corresponding
SISO case as a function of the link distance. We assume that
the MIMO beamforming matrices for the transmit and received
arrays, as in (3), are applied specifically for each considered
distance based on the channel matrix evaluation for that
specific distance. The SISO spectral capacity is 9.47 bit/Hz/s
at 100 m. It can be seen that for the smaller D case, the
results achieved using (8) are very closed to the ideal case
evaluated using (6). However, the penalty is the much higher
level of transmitted power which is difficult to obtain at high
frequencies. Fig. 3(a) and (b) shows the results as well for
a 16 x 16 LoS MIMO where D = d = 16.67 cm and
Prx = —20 dBm. In this case, the SISO spectral capacity
is 7.47 bit/Hz/s at 100 m. Here, a larger difference is seen
between the results obtained using the ideal channel model
and the one including the effect of the antenna patterns.
Even so, the MIMO gain is high, 12.7, leading to a MIMO
spectral capacity of 94.86 bit/Hz/s higher than the one of the
4 x 4 MIMO system with 31.81 bit/Hz/s for the same power
transmitted.

The difficulty in implementing these types of LoS MIMO
systems, especially at high frequencies, is the need for very
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Fig. 3. (a) Average SNR, as defined in (10), for 4 x 4 and 16 x 16 LoS
MIMO systems compared with one of their corresponding SISO systems.
(b) MIMO capacity gain, as defined in (5), for the same cases of (a). The
LoS MIMO array spacing is optimized for R = 100 m distance using the
expression d = \/AR/N. The MIMO beamforming matrices for the transmit
and received arrays, as in (3), are applied for each considered distance.

accurate interference cancellation techniques. In the following,
we will introduce a different type of MIMO architecture,
referred here as QO-MIMO, where the aim is to generate an
MIMO channel matrix that is close to diagonal to remove the
need for the phase coherency or precoding techniques. The
idea is to generate low crosstalk between multiple data streams
by exploiting the large amplitude variations in the radiative
near field combined with beamforming using a QO antenna.

IIT. RADIATIVE NEAR-FIELD LOS LINK

At high frequencies, it is possible to realize extremely
high antenna gains with moderate physical dimensions. For
a few hundred meters, it is possible to operate LoS links,
as shown in Fig. 1, in the radiative near field, where the Friis
equation would not be applicable. In this section, we describe
a methodology based on antennas in reception to evaluate the
MIMO’s channel matrix as well as its SNR when the LoS link
is in the radiative near field.

The near field radiated by an aperture field described in (9)
can be evaluated using the radiative components of the free
space Green’s function as follows:

eIkl — 7
~Tx _
E™(F) = 2// ik x szap( ))47[' |dS (11)

where 7 and 7’ indicate the vectorial position of the observation
points and the source points (transmit aperture), respectively;

k = k((F — 7)/(IF — 7'|)) is the propagation vector, k is the
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Fig. 4. Magnitude of the x-component of the electric field radiated by
an aperture of 1 m diameter, evaluated on (a) xz plane (see Fig. 1) and
(b) xy plane at a distance of R = 100 m. The aperture is focusing at infinity
(corresponding to a parabolic reflector).

propagation constant, and S’ is the surface of the transmit
aperture.

Fig. 4(a) shows the electric field radiated by an aperture
of diameter 1m for a link distance of R = 100 m. It can
be seen that a high power transfer can be achieved in this
case. The corresponding transmitted field evaluated over the
receiving aperture is shown in Fig. 4(b), showing again the
high focusing capacity of these large apertures.

In order to evaluate the coupling between two antennas in
the near field, we apply a similar approach as in [25] based
on the analysis of antennas in reception. The induced open-
circuit voltage, Vo, on the receiving antenna can be evaluated

as follows:
2 e o
= / / E™EXdS
0 ARx

where (p is the free space impedance, E™ is the transmitted
field evaluated on receiving aperture, Arx, and ER* is the field
radiated by the receiver (when operated in transmission fed
by a current /y) evaluated on the receiving aperture, which
for the present work is modeled by (9). The power coupling
coefficient (Stxrx < 1) between the two apertures can then be
evaluated from this induced voltage as follows:

|V0010|2
16 Prx Pry
where Pryrx = (1/(2¢0)) ffAT . |ETX/RX|2dS (valid only for
electrically large antennas), and ATX /Rx Tepresents the transmit-
ting/receiving aperture. Therefore, the channel voltage coeffi-

cient between transmitter j and receiver i can be expressed as
follows:

Voclo = (12)

STxRx = (13)

ETx,i,j ERx,idS
h ff . (14)

->Tx ->Rx,i
Sl B Pas [, B Ps

This equation is similar to the one derived by other authors to
evaluate the crosstalk between the beams radiated by a single
antenna [35] but used here to evaluate the near-field coupling
between the transmit and receive antennas. When the antennas
are in the far-field distance of each other, (14) simplifies
to (8). From these expressions, it is clear that the power
transferred is maximized, when ER" = E™ and the spill
over between the two antennas is low leading to Stxrx = 1.
Fig. 5(a) and (b) shows the amplitude and phase of ETx
and ERX respectively, for the same case as in Fig. 4. Here,
a very hlgh power coupling coefficient Stxrx of —0.3 dB is
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Fig. 5. Field matching between the transmitted fields, red colored curves,

and receiving aperture field distribution, blue colored curves, for the same
case as in Fig. 4. (a) Amplitude matching. (b) Phase matching.
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Fig. 6. Near, solid lines, and far field (Friis equation), dashed lines, coupling
coefficients between two co-aligned antennas of diameter D with separation
distance R. The right axis represents the minimum transmitted power required
to reach an SNR = 15 dB, assuming a receiver noise level of —59 dBm.

achieved. We have observed similar coupling coefficient when
the transmitting aperture focuses the energy at the middle of
the link (corresponding to an elliptical reflector) as investigated
in [21]. However, since the phase configuration with a focus
at infinity is more robust toward changes in the link distance,
we only consider here these type of aperture distributions.

A similar analysis can now be performed versus the
link distance and considering different aperture diameters.
Fig. 6 shows the achieved coupling coefficients for such
analysis. It can be seen that for D = 50 cm, corresponding
to far-field directivities of 62 dBi, power couplings above
—5 dB can be achieved for distances less than 300 m, whereas
D = 1 m leads to much larger distances for comparable
level of coupling coefficients. On top of these curves, we also
plotted the coupling coefficient derived directly from the Friis
equation (7). The two coupling coefficients become equivalent
when the far-field boundary R > 2D?/), is reached. Here, /.
is the free space wavelength at the center of the frequency
band (270 GHz).

By considering the coupling coefficients shown in Fig. 6,
it is clear that the use of electrically large apertures leads to the
need for very low levels of transmitted power. As an example,
let us consider an RF channel of 35 GHz (half of the available
bandwidth in IEEE standard) and a minimum SNR of 15dB
(needed for 16QAM modulation schemes with bit error rate
BER = 107° [36]). Under these hypotheses, single wideband
data stream with speeds reaching 80 Gb/s' could be potentially
implemented. By using the coupling coefficients, S7,gy, in
Fig. 6, we can estimate the minimum transmit power level

10.2 roll-off is assumed.
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required to establish such single channel link as follows:

PD" (dBm) > SNR — Sryrx + N (dBm) (15)

where the noise is estimated to be N (dBm) = —59 dBm?
assuming a receiver with 10 dB of noise figure [20]. The right
vertical axis in Fig. 6 shows the achieved Pi". Very low levels
of transmitted powers would be indeed required, simplifying
the active circuity implementation at high frequencies and
enabling radiated energy efficient systems. In the literature,
several demonstrations of a single far-field link reaching
100 Gbps have already been demonstrated in this spectral
band [26]-[29] with transmitted power levels in the order of
—8 to 5 dBm.

IV. SPATIAL MULTIPLEXING VIA SINGLE NEAR-FIELD
COHERENT APERTURE

A significant advantage of operating a wireless link in the
radiative near field is the high degree of spatial multiplexing
capabilities for PtP links [11]. Several data streams can be
generated with low coupling relying only on the spatial shape
of the electromagnetic near field generated at the receiving
aperture by a QO antenna. This antenna can be easily imple-
mented with an electrically large aperture and a focal plane
array. The transmitting focal plane array can be operated as a
single data stream per element, common architecture at high
frequencies, [37], [38], avoiding the need for high linearity
circuits or coherent array implementations. The receiving array
is made by an anti-symmetrical, with respect to the z-axis,
implementation of the transmitting focal plane array to achieve
a field matched in (12) for each of the near-field modes.
The receiving focal plane array, also implemented as a data
stream per element, will then be well-coupled to each of the
independent data streams sent by the transmitting array. In all
the cases considered in this work, the location of the receiving
and transmitting focal plane antennas is physically fixed, i.e.,
they are not varied with respect to range or frequency values.

Fig. 1 shows the proposed QO MIMO transmit and receive
architectures: two anti-symmetrical N x N focal plane arrays
enable M = N? near-field spatial beams, potentially increasing
the aggregated data rate by a factor of ~M. On top of these
near-field spatial modes, polarization diversity can be used to
increase the aggregated data rate by an additional factor of
2 since the QO MIMO multiplexing capabilities presented here
do not rely on polarization orthogonality.

In order to model each of the aperture fields associated with
the multiple elements of the Tx and Rx focal plane arrays,
we use the following expression:

- D
E;’:/RX(P) = Eocirc(p, 5)6

where n indicates the considered element in the FPA. The last
term corresponds to a linear phase shift associated with the
displacement of the nth-element from the focus of the QO
antenna, characterized with a focal distance of F. This phase
shift is related to the f-number fz = F/D of the QO antenna
and the number of displaced beams, as follows:

ﬁg'x/Rx — nllcf#ﬁ:"x/Rx

2 -
p _Tx/Rx -
- T

g KT ¢ (16)

a7

2The noise level is evaluated as kg ToFBW.
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Fig. 7. Co- and cross-coupling coefficients versus the link distance between
different elements of transmitting and receiving FPAs with 2 x 1 elements.
The inset illustrates the position of the feeds in the Tx and Rx FPAs.
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Fig. 8. Co- and cross-coupling coefficients versus the link distance between
different elements of transmitting and receiving FPAs with 3 x 1 elements
and D = 1 m. Inset: Position of the feeds in the Tx and Rx FPAs.

where p, /% is the unit vector indicating the ¢-plane of nth
element displacement. The linear phase term in (16) can be
related directly to the number of scanned beams (i.e.,n(1./D))
independently of the focal distance F' as follows:

_TX/RX -
P p

K

nic ATX/RX =

— KPP

(18)

Therefore, the proposed implementation, in a first-order
approximation, is not dependent on fx of the QO antennas.
Let us now consider an FPA of 2 elements in both the
Tx and Rx antennas displaced by n = =+1 in the x plane,
see inset of Fig. 7. Note, as shown in Fig. 1, the elements
with maximum coupling are mirrored with respect to the
z-axis at the receiver side. The distance between the array
elements is considered 21, fy to avoid direct beam coupling
[39] and be able to exploit dual-polarized elements also as
means for channel diversity. The co- and cross-coupling power
coefficients, Sty,rx,, associated with one transmitter at m =
+1 and the power received by each of the receiving elements,
n = %1, can be evaluated using the same approach as in (12)
projecting the transmitted field into the multiple receiving
aperture fields of (16). The resulting values are shown in
Fig. 7. It can be seen that co to cross ratios (also commonly
referred to as signal to interference level) larger than 20 dB can
be achieved up to 350 m distance for 1 m apertures or up to
about 70 m for 50 cm apertures. In both cases, the possibility
of multiplexing several data streams corresponds to ranges
where the co-coupling coefficients are higher than —5 dB.
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Fig. 9. (a) Near field radiated by an aperture of 1 m fed by an element

located at +24¢ f#* and evaluated in the xz plane. Field matching between the
transmitted fields (solid red curves) evaluated at R = 100m on the Rx aperture
and the receiving aperture field distributions (blue curves), (b) amplitude
matching, and (c) phase matching. The solid blue and dotted blue curves
correspond to the receiving aperture field distribution for a feed element
located at —2/. fyX and the one at the center of the aperture, respectively.
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Fig. 10. Co- and cross-coupling coefficients versus the link distance between
the different elements of transmitting and receiving FPAs of 4 x 1 elements
and D = 1 m. The inset illustrates the position of the feeds in the Tx
and Rx FPAs.

It is also possible to multiplex more data streams for D =
1 m case at shorter ranges. Let us consider Tx and Rx arrays
of three elements placed at m and n = [0, £2], see inset
of Fig. 8. Fig. 8 also shows the coupling and cross-coupling
coefficients between these three near-field modes. Co-coupling
levels higher than —5 dB in the off axes elements, Sty ,rx_,»
can be reached up to 150 m, whereas co/cross ratios larger
than 20 dB can be achieved up to 200 m. Fig. 9(a) shows
the field propagation in the xz cut for R = 100 m associated
with the m = +2 transmitting element. This element has a
co-coupling coefficient of Stx,,rx, = —2 dB with the n =
—2 receiving array element, and a cross-coupling coefficient
with neighbor receiving array element, n = 0, of Sty ,rx, =
—41 dB. Fig. 9(b) and (c) shows the amplitude and phase of

I;"TX and I;"fp" for the same cases as in Fig. 9(a).

Finally, let us consider FPAs of four elements placed at m
and n = [*1, £3] along x, see inset of Fig. 10. Fig. 10 also
shows the resulting coupling and cross-coupling between the
4 array elements. Co-coupling levels higher than —5 dB in
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Fig. 11. QO MIMO architecture for multiplexing data streams in the radiative
near-field composed by multiple transmitting and receiving apertures coupled
to antisymmetrical Tx and Rx FPAs with respect to the z-axis.
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Fig. 12. Co, solid lines, and cross-coupling, dotted lines, coefficients versus
the link distance in the configuration shown in Fig. 11 for (a) on-axis feeds
and (b) off-axis feeds. The insets illustrate the position of the feeds inside
each Tx and Rx apertures where the co-channels are marked by red color.

the off-axes elements, Stx_,rx.,, and co/cross ratios larger than
20 dB can be achieved up to 120 m. The limiting factor here
is the rapid decay for the co-coupling of the off-set focal plane
elements.

V. SPATIAL MULTIPLEXING VIA MULTIPLE NEAR-FIELD
INCOHERENT APERTURES

It is also interesting to analyze a different QO antenna
configuration, where the main aperture is divided into several
coherent apertures shown in Fig. 11, as in a Fly’s eye lens
array [25]. This antenna architecture is much easier to fabricate
and integrate with multiple signal generation schemes at high
frequencies because of the larger space of the transmitting and
receiving feed antennas.

Let us consider an overall aperture diameter of 1m that can
be divided into 2 x 2 apertures of 50 cm each or 3 x 3
apertures of 33 cm each, leading to potential multiplexing of
4 or 9 near-field modes, respectively. Fig. 12(a) shows the

7079

-10
-20
-30
—40

0 20 40 60 80
z (m)

(a)

100

0 20 40 60 80
z (m)

()

Fig. 13. Near field radiated in the xz plane by an aperture of 50 cm (a) with
an on-axis feed (blue colored link in Fig. 11) and (b) with off-axis feed located
at +2.254, fyx (yellow colored link in Fig. 11).

co-coupling between the two of these apertures with on-axis
feeds (blue or green colored near-field modes in Fig. 11) and
its cross-coupling with the other elements. The procedure to
evaluate these couplings is analogous as before. It can be seen
that in order to achieve co/cross >20 dB, R < 150 m for the
50 cm case and R < 66 m for the 33 cm case. The field
generated by a 50 cm aperture is shown in Fig. 13(a). The
range distance with a low cross-coupling is indeed smaller for
a comparable multiplexing capability achieved with a single
1 m antenna, as indicated in Figs. 7 and 8. However, the prac-
tical implementation of this second configuration is easier due
to the smaller coherent aperture size, and the antennas could
be potentially aligned independently by implementing defocus
feeds as in [40]. Moreover, this architecture could evolve in the
future toward hybrid QO and LoS MIMO implementations to
exploit some degree of coherence between the array elements
and reach larger distances as the performance of the high-
frequency technology improves.

The multiplexing capabilities of a single 50 cm aperture
with 2 x 2 FPA are not sufficient to reach co/cross ratios
of >20 dB at 100 m, as shown in Fig. 7. However, 2 x 2
FPA implementations can also be combined with the 2 x 2
50 cm aperture configuration as in Fig. 11 to enable new near-
field links that couple between the different apertures (yellow
colored link). Let us consider that a second feed is placed at
the top 50 cm aperture at 2.251, f4 distance from the center
of the FPA. This feed will not couple to the top aperture, but
it will couple to the bottom one. The field generated by such
feed is shown in Fig. 13(b). Fig. 12(b) shows the co-coupling
between two apertures with off-axis feeds (yellow colored link
in Fig. 11) and its cross-coupling with the other elements. As it
can be seen, the co-coupling levels for the off-axis feeds are
comparable with the ones of the on-axis channel, while the cx-
couplings are about 2-3 dB higher in the off-axis channels.

A. 16 x 16 QO-MIMO Architecture

Let us now consider a constant link distance of 100 m,
where we could potentially multiplex up to 16 data streams.
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TABLE I
CO- (GREEN CELLS) AND CROSS-COUPLING COEFFICIENTS IN DECIBEL (ROUNDED) FOR A 16 x 16 TX/RX ARRAYS OF FIG. 14:
IN-HOUSE ANALYSIS CODE/IMPLEMENTATION IN GRASP (FI1G. 16)
ij
Xm' 0,0 +1,0 0,+1 +1,+1 0,+1 0,+1 0,0 0,+1 +1,0 0,0 +1,0 +1,0 +1,+1 +1,+1 +1,+1 0,0 Tot. SIR
RXi'] 0,0 +1,0 0,+1 +1,+1 0,0 -1,0 0,-1 —-1,+1 -1,0 0,-1 +1,-1 0,0 +1,0 0,+1 -1,-1 Int.
m,n
oo | -2 [3133 | 31033 | -asias | -27/28 [ <4949 |-31:31 | <5254 | 27128 | 31031 | -49/49 | -52/-54 | -45/-46 | -49/50 [ 4950 | 4543 | 2122 | 20720
000 |3usst | -1 |-4543 | 3132 | -49/49 [-70170 [-5253 |-5151 | 31031 | 43744 | 4543 | -31/31 | -49/49 | -27/28 | 5255 | 5151 | 2323 | 22721
o0 | -3ve31 [ -asiaa | 12 | 3132 | 3132 (4543 | 4344 | 31031 | 49749 [ 52153 | 69172 | 51451 | 49750 | -52/-55 | 27728 | 5151 | 23723 | 22021
00 |-as543 | -31/31 (3131 | -2 | -52/-54 | -51/-51 | -51/-51 | -43/-44 | -52/-54 | -51/-51 | -51/-51 | -43/-44 | -45/-44 | -31/-32 | -31/-31 | -58/-57 | -25/-25 | 24/23
Tx Apertures Rx Apertures 40
TXO,+1 TX+1,+1 RX0,+1 RX+1,+1
i i o1 ] N
| | 0+1f.« (" Rxy | L B =
: : RX 21 01 3 I @ o
o fee * o Fi'd A —
| | l 041 | k| ® £ 10 . SISO with diameter of 1m =~
| | 0+1 Ry | D, = —— 16 x 16 LoS MIMO D = d
I ix+1’n RX—1, | v e 16 x 16 LoS MIMO D = d SINR
: +1,0 X410 : — 16 x 16 QO MIMO
y: T 00 | i 2.25A f4 R O P 16 x 16 QO MIMO SINR
————— i—f""’"""}‘” - P N S— - )
L x ‘ +1,0 ! 10
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o1 | R (m)
TXO,O TX+1,0 RXO,O RX+1,0 ( )
a
1
Fig. 14. 2 x 2 antenna apertures with 2 x 2 FPA configurations, each,
to achieve 16 spatial data streams at 100 m.
s
The proposed antenna configuration is shown in Fig. 14, =
. . . —— 16 x 16 LoS MIMO
the Tx and Rx FPA elements will be distributed in groups 4 16 X 16 0O MIMO
of 2 x 2 arrays below each of the 2 x 2 50 cm apertures. The 9 —— With nterference cancelation
corresponding focal plane configurations are shown in Fig. 14. .~~~ [ Without interference cancelation

The x and y distances between elements are 2.254. fx. The
transmit and receive array elements with the same color indi-
cate co-data stream configurations. The Tx and Rx elements in
this configuration are referred to as Tx/Rxf;T{'n, where i, j and
m, n indicate the position of the aperture and the feed element
with respect to the marked xy coordinates, respectively.
Table I shows the achieved co- (h;;) and cross- (h;; with
i # j) couplings for this QO MIMO configuration showing
high and stable co-coupling levels, and low interference levels.
The missing rows can be easily derived applying symmetries.
Total level of signal to interference, SIR, for each channel is
given in the last column. The SIR is evaluated, assuming the
power in the interfering channels is added incoherently
i
SIRj = —————.
Sl i 1P
The total level of signal to interference for the proposed
configuration is estimated to be about 21 dB. The achieved
co-couplings for all 16 data streams in this architecture are
—1 dB, much more uniform compared with the results of a
single aperture from Fig. 10.

19)

50 60 70 80 90 100 110 120 130 140 150
R (m)

(b

Fig. 15.  (a) SNR and SINR for the standard 16 x 16 LoS MIMO and
the proposed QO MIMO artitechture as a function of the link distance.
(b) Capacity gain of the architectures in (a) as a function of link distance
with (solid curves) and without (dotted curves) considering an interference
cancellation technique based on the MIMO beamforming matrices derived
in (3) for each considered distance. The capacity gain is evaluated here with
an SISO reference of 1m diameter.

B. MIMO Capacity Gain

In this subsection, we evaluate the MIMO capacity gain
of the proposed architecture and compare it with a stan-
dard 16 x 16 LoS MIMO (see Fig. 2). For this comparison,
we chose the same SISO reference for the LoS and QO
architectures. The SISO reference is taken as a single antenna
with 1 m diameter to ensure that all considered cases have the
same physical dimension. For the SISO reference, we take a
1 m circular aperture with —20 dBm of radiated power and
—59 dBm of thermal noise. Fig. 15(a) shows the achieved SNR
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Fig. 16. 2 x 2 Paraxial apertures with Tx and Rx FPA configurations to
achieve 16 data streams multiplexing at 100 m via D = 50 cm apertures.

for this SISO reference with a 12.8 bit/Hz/s spectral efficiency.
In Fig. 15(a), the average SNRs for the 16 x 16 LoS MIMO
with d = D and the proposed 16 x 16 QO MIMO, when a
crosstalk cancellation technique is applied following the SVD
decomposition as described in Section II, are shown. These
results are obtained, assuming an ideal cancellation technique
without imposing any practical constrains in terms of phase
cancellation. Due to the different SISO reference here with
respect to the one in Fig. 3(a), the capacity gain of the LoS
MIMO shown in Fig. 15(b) is lower than the one in Fig. 3(b).

The QO MIMO achieves a better capacity gain with
respect to both the 1 m SISO and LoS MIMO references.
The QO MIMO achieves a theoretical spectral efficiency of
134.5 bit/Hz/s compared with the 95.42 bit/Hz/s of the LoS
MIMO. Fig. 15(a) and (b) also shows the average signal-
to-interference and noise ratio (SINR) and capacity gain,
respectively, when no crosstalk cancellation is applied. That
is directly using an incoherent array architecture. For this
configuration, the QO MIMO architecture clearly outperforms
the standard LoS MIMO architecture leading to a theoretical
spectral capacity of 106 bit/Hz/s with respect to 3.84 bit/Hz/s.

VI. EXAMPLE OF IMPLEMENTATION

In this section, we validated the proposed QO MIMO
antenna architecture using a commercial software (GRASP
[41]) and a standard reflector antenna implementation.
Fig. 16 shows the considered geometry made of four co-
aligned parabolic reflectors with fy = 2. These reflectors are
fed by tapered circular feed apertures which model the aperture
field of a horn or lens antenna [39] as follows:

Eocirc(pf, D, /2)e7 "

where w is chosen in such a way to have a field taper level
of —8 dB at the feed aperture to achieve an illumination
of the reflector with an edge taper field level of —11 dB
with a feed aperture of diameter D, = 21, fs; p represents
the radial position in the focal plane (Fig. 16). The fields

generated by Tx&g and Tx(i’?j_l array elements (see Fig. 14)
in the focal plane of the receiving reflectors are plotted in

[t

~|

Ereea(fs) = % (20)
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Fig. 17. Fields simulated by GRASP for (a) Txg and (b) Tx) _
of Fig. 14 on the focal planes of its four receiving apertures. The black colored
circles mark the position of the receiving feeds in Rx FPAs.
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Fig. 18. Co- (solid lines) and signal to interference (dotted lines) performance
for a 16 channels Tx/Rx array of Fig. 14, as a function of operation frequency.
Inset: Position of the feeds in the Tx/Rx FPAs and the colored feeds indicate
the two most relevant channels.

Fig. 17(a) and (b), respectively. It can be observed that the
maximum coupling with these fields occur for Rx?):g and
in: ﬂ, respectively, as anticipated previously. The low cross-
coupling is achieved thanks to the spatial distribution of
the field generated in the focal plane by the QO antenna
implementation. The power coupling can be evaluated as
in (13), where the field correlation is performed over the focal
plane of the receiving apertures between the field simulated
in GRASP, Fig. 17, and the field distribution of the receiving
feeds (20).

Table I also shows the achieved co- and cross-coupling
for this configuration using the fields evaluated in GRASP,
showing comparable signal to interference levels to the ones
simulated with in-house code. The co-coupling levels are about
0.9 dB lower due to two times the reflector spill over losses.
The spill over loss of these feeds on the reflector aperture is
0.45 dB, which was not included in the results reported in
Sections IV and V.

A. Impact of the Frequency Bandwidth

Fig. 18 shows the frequency behavior of the most relevant
coupling coefficients of the proposed near-field QO MIMO
antenna, associated with Rxgjg and Rx(f(l],_1 array elements
evaluated using GRASP. The reflector edge illumination is kept
at —11 dB over the entire bandwidth. Fig. 18 shows that the
co-couplings are not dispersive in frequency, and a level of
signal to interference larger than 17 dB can be achieved over
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the entire IEEE H-band from 250 up to 320 GHz. As the
result, this antenna architecture can enable a simultaneous
duplex transmission of 35 GHz bandwidth channels. When
this architecture is combined with 16 wideband front ends
with 16QAM?, up to 1.2 Tbps single direction data rates can be
theoretically achieved with just =35 dBm of transmitted power
per antenna. The same speed could also be achieved using
QPSK modulation with 16 dual-polarized front ends. Recently,
several leaky wave lens antennas have been demonstrated with
similar wideband performance [42]-[44] as well as low-cost
manufactured horns [45], which could be potentially used in
combination with a dual-reflector system to implement the
proposed QO MIMO architecture.

VII. CONCLUDING REMARKS

This article presents a study of QO MIMO architecture for
enabling ultrafast PtP wireless links at the 270 GHz spectral
band. For this purpose, we study the use of electrically large
apertures operating in the radiative near field to reach low
propagation spreading losses and a high degree of spatial
multiplexing capability. With the studied antenna configura-
tion, multiple spatial and independent data streams can be
transmitted and received using single element per beam focal
plane arrays, facilitating the integration with active front ends
at high frequencies.

A specific antenna architecture operating at 270 GHz based
on a 2 x 2 array of parabolic reflectors combined with
2 x 2 focal plane arrays for a link distance of 100 m is
investigated in detail. The proposed architecture is capable
of transmitting 16 data streams in a 70 GHz bandwidth with
signal to interference levels larger than 17 dB without the
need for interference cancelation techniques. This architecture
achieves higher MIMO capacity gains when compared with a
classical 16 x 16 LoS MIMO architecture with the same level
of transmitted power. Combining the proposed QO MIMO
architecture with wideband front ends could potentially lead
to aggregated data rates above Tbps, not previously achieved
experimentally to the best of authors knowledge.
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