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Abstract—In this work, a two-level hierarchical MIMO system
is proposed to combine the spatial multiplexing gain and beam-
forming gain in a strong LOS channel. The superior is a MIMO
system that consists of specially arranged sub-arrays to fully
exploit the spatial multiplexing gain in deterministic channels.
Additionally, a deterministic spherical-wave channel model is
introduced. This channel model includes the radiation patterns
of the sub-arrays, orthogonal phase relations introduced by the
specific sub-array arrangement and the path loss considering
deployment in practical scenarios. The attenuation includes the
free space path loss, the oxygen absorption, the rain attenuation
in bad weather and the front-end loss. The regulations for the
maximum radiated power and the available bandwidth at 60GHz
were also investigated. Furthermore, the maximum transmission
rate and upper bound of the energy efficiency are modeled
and calculated for the proposed system operating at 60GHz
compliant to those regulations, as well for a constraint of the
maximum available transmit power on-board. The result shows
that the proposed system architecture is promising to achieve over
100Gbps for macro-cell backhaul links with reasonable antenna
sizes and high energy efficiency.

I. INTRODUCTION

One limit of utilizing millimeter waves (mm-W) in wire-
less communication is the high attenuation at this frequency
range. Therefore designing antennas with high antenna gain is
essential in overcoming the short range limitation. Applying
beamforming on very densely packed antennas (referred to as
sub-arrays in the latter sections) has been proved to provide
high directivity and antenna gain in [1]. Accordingly, combin-
ing the high directivity antennas is required to cover enough
distance and the spatial multiplexing from several of those
high directivity antennas is promising to achieve very high
data rates for applications like wireless backhaul.

The existing wireless backhaul solutions are realized using
microwave dishes. However, each pair of dishes is only asso-
ciated with one transmit link. For the macro-cell back-haul
systems, line-of-sight (LOS) MIMO brings new challenges.
Due to the almost stationary situation in wireless backhaul
applications and high gain antennas with high directivity,
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Fig. 1: A two-level hierarchical MIMO system with strong LOS channel
model. The superior is a MIMO system that consists of N = Nh × Nv

sub-arrays at each transceiver node.

we will use a deterministic MIMO channel model with sub-
channels using the spherical-wave model. A recently published
work [2] showed that, for strong LOS MIMO channels, the
spherical-wave model is more accurate and optimistic than the
conventional approach using plane-wave model. The specific
geometry arrangements, like uniform linear arrays (ULA)
and uniform rectangular arrays (URA), can fully exploit the
spatial multiplexing gain in deterministic MIMO channel as
reported in [3], [4], [5], [6]. The constructive interference
from subchannels leads to deterministic channel matrices with
approximate equal singular values.

In [4], [6], [7], [8], the authors have indicated that the
antenna spacings mainly depend on the carrier wavelength λ,
number of antenna elements N , and transmit distance D. The
unlicensed large bandwidth at 60GHz brings a potential for
developing ultra-high speed wireless backhaul communication
systems with reasonable antenna sizes. For a practical system,
the antenna aperture should be constrained to a certain space.
For the parallel ULA, the optimal antenna spacing dt and dr
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between sub-arrays at transmitter and receiver side given by
[7], [8] satisfy

dt · dr =
λD

N
, (1)

where the ULA consists of N antennas. Meanwhile, dt,v,
dr,v, dt,h and dr,h for horizontal and vertical directions of
the parallel URA given by [6] satisfy

dt,v · dr,v =
λD

Nv
, dt,h · dr,h =

λD

Nh
, (2)

where the transceivers consist of N = Nv × Nh antennas.
According to Equation (2), a 4×4 MIMO system (N = Nv×
Nh = 2 × 2 = 4) with symmetric transceivers at high carrier
frequencies, such as 60GHz and a transmit distance of 100
meters is optimized with an antenna spacing 0.5m between
sub-arrays.

The robustness of the capacity of strong LOS MIMO sys-
tems against errors like in-plane and out-of-plane translations
and rotations has been well studied in [3], [4], [9], [10].
Meanwhile, the optimal antenna arrangements that compensate
the tilt errors of the ULA and URA are studied by works in [7],
[8] and [10] respectively. However, the work in [10] optimizes
URA designs only for orientations across a single axis. As
an extension, in [11] we introduce a method that optimizes
antenna arrangements not only on tilted 2D planes but also on
any arbitrary curved surfaces in a strong LOS MIMO channel,
e.g. uniform parallelogram array on a plane with any tilt angle.

In this work, the parameters for designing a mm-W LOS
MIMO system with a 100Gb/s transmission rate at 100m
distance are evaluated. This includes a model for calculating
the transmission rate and the energy efficiency. Furthermore,
a calculation on the link budget shows there exists a trade-
off between the number of sub-arrays and the number of
antenna elements each sub-array should contain. Our in-
vestigations have been performed both accordingly to the
Equivalent Isotropically Radiated Power (EIRP) regulations
and a referenced the maximum transmit power that can be
used in a practical system. One of the main advantages of
our work is that all the computations are carried out based
on a realistic channel model taking into account: free space
path loss, oxygen absorption, rain attenuation, front end loss,
element factor of identical antenna elements, array factor,
thermal noise, noise figure, etc.

II. ANTENNA ARRAY DESIGN

We are considering a two-level hierarchical MIMO system
with a strong LOS channel model as illustrated in Fig. 1. The
superior is a MIMO system that contains N = Nh × Nv sub-
arrays at each transceiver to fully exploit the spatial multi-
plexing gain in deterministic channels. The subordinate level
refers to the architecture of the sub-arrays. As an example,
all sub-arrays consist of Mh × Mv antenna elements with
half wavelength spacing, λ/2. The transmit array (Tx) and
the receive array (Rx) are facing each other and are arranged
symmetrically. The direct links between each sub-array pair
are the broadsides to the array planes.

The function of the sub-arrays is to provide a certain antenna
gain and directivity of the transmission which makes the
assumption of strong LOS channel more realistic in practical
applications like LOS wireless backhaul. Considering analog
beamsteering algorithms at a sub-array level, the system allows
an acceptable compute complexity on higher level to fully
exploit the spatial multiplexing gain.

As illustrated in Fig. 1, Tx and Rx are separated by D.
The centroids of Tx and Rx are located at (0, 0, 0) and
R0 = (0, 0,D) respectively. The coordinates of the phase
center of j-th transmit sub-array and i-th receive sub-array
are tj = (xj , yj , 0) and ri = R0 + ti, i, j ∈ [1, . . . ,N ],
respectively. It is reasonable to assume that the distance D be-
tween Tx and Rx is much larger than the intra-array distances.
Meanwhile, for simplicity, we neglect the inner-structure of the
sub-arrays and we assume that intra-array distances are much
larger than the inter antenna element distance. Consequently,
we have D >> ||ti − tj || >> λ.

However, as introduced by [3], [4], [9], [10], the ratio
||ti − tj ||/

√
λ ·D has significant impacts on the channel

characteristics and should not be a negligible value in order
to maintain the optimal design characteristics as introduced
by Equation (1), (2). Therefore, the distance Dij between the
sub-array pair (i, j) can be formulated as

Dij = ||ri − tj || = ||R0 + ti − tj ||
=

√
D + ||ti − tj ||2. (3)

Applying a first order Taylor expansion to the square root and
considering ||ti − tj || << D, Dij is approximated as

Dij ≈ D ·
[
1 +

1

2
· ( ||ti − tj ||

D

)2]
. (4)

Considering the path loss ρ between sub-array pairs as a
function of Dij , we have

ρ(Dij) ≈ ρ(D), (5)

where the approximation is applied with neglecting the com-
ponents of orders more than two. Therefore, the differences
between the attenuation factors among the sub-channels are
omitted.

For a both time-flat and frequency-flat strong LOS link, the
effective channel gain between equally polarized j-th transmit
sub-array and i-th receive sub-array is modeled as

heffij � BRx(θ
′
ij , φ

′
ij)·ρ(D)·e−j 2π

λ (Dij−D)·BTx(θij , φij), (6)

where the common phase term e−j 2π
λ D is deducted due to

the fact that it is not influencing the capacity. BTx(θ, φ)
and BRx(θ, φ) stand for the sub-array gain at the transmit
and receive sub-arrays respectively (also known as beam
pattern).1 The θ and φ stand for the azimuth and elevation

1Here we assume that the values for BTx (θij , φij) and BRx (θij , φij)
are real values. The assumption is made by considering that the phase pattern
of the sub-array are calculated with respect to the phase center of the sub-
array. Furthermore, in far-zone field, the phase differences of the same signal
radiated from different antenna elements of individual sub-arrays cancel each
other in the summation of array factor. Therefore, the radiation pattern does
not introduce any phase differences in different directions (θij , φij).



angle of the antenna radiation pattern as indicated by Fig. 2.
Due the symmetric arrangement of the transceivers, we have
BTx(θ, φ) = BRx(θ, φ). Meanwhile the (θij , φij) denotes (θ,
φ) in direction from j-th transmit sub-array to i-th receive
sub-array and (θ′ij , φ′ij) denotes for (θ, φ) of the i-th opposed
sub-array at receiver side in direction from i-th receive sub-
array to j-th transmit sub-array. Considering the symmetric
arrangement of the system, (θ′ij , φ′ij) satisfies θ′ij = θij ,
φ′ij = 2π − φij .

After normalizing the radiation pattern with the maximum
sub-array gain BTx

max, BRx
max of the transmit and receive sub-

arrays, one may write the received signal on the superior layer
as

y = BRx
max ·BTx

max · ρ(D) ·
√
PT

N︸ ︷︷ ︸
�Asub

max

·(Br ◦ H ◦Bt︸ ︷︷ ︸
�H̃

) · x+ n

= Asub
max · H̃ · x+ n, (7)

where (◦) denotes the Hadamard product. x ∈ C
N×1 is the

transmitted signal with unitary transmit power E(||x||2) =

1. PT is the total transmit power that is available at the
transmitter side. n is the white complex Gaussian noise
vector with n ∼ CNN×1(0, Pn) and Pn is the noise power
at each receive sub-array. Bt, Br are the sub-array gains
introduced by the normalized radiated patterns at the trans-
mitter and receiver side with (Bt)ij = BTx(θij , φij)/B

Tx
max,

(Br)ij = BRx(θ
′
ij , φ

′
ij)/B

Rx
max. H ∈ C

N×N is the normalized
channel matrix, which implies that each element hij in H
has unit channel gain with entities hij � e−j 2π

λ (Dij−D). By
considering the approximation in Equation (4), the phase term
in hij is significantly affected by the term 2π·||ti−tj ||2

2λD which
is significant important in having an orthogonal or almost
orthogonal channel matrix. Furthermore, the average signal-
to-noise ratio (SNR) is independent of H. The H̃ is defined
as cubic normalized channel matrix. The scalar term Asub

max

actually is the maximum element-link amplitude of the field
one may achieve with maximum sub-array gains.

When assuming equal power transmission, the maximum
achievable bandwidth efficiency of the MIMO transmission
given by [12], [13] can be formulated as

C = log2 det
[
IN +

(Asub
max)

2

σ2
n

H̃H̃H
]

= log2 det
[
IN +

[BRx
max ·BTx

max · ρ(D)]2 · PT

NPn
H̃H̃H

]
= log2 det

[
IN +

γ̄

N
H̃H̃H

]
(8)

where (�)H denotes the Hermitian transpose operator. γ̄ �
[BRx

max · BTx
max · ρ(D)]2 · PT/Pn is a devised received SNR at

each sub-array that assumes the maximum sub-array gains are
applied to all element-links. This item is introduced to simplify
the calculation of the received SNR in latter sections.

Considering that a practical system should be very com-
pact, in the latter sections of this paper, we investigate fully
orthogonal subchannel H between each sub-array pair. The

uniform rectangular super-arrays provide a denser sub-array
distribution compared to ULAs with the same number of sub-
arrays, thus being more compact with respect to the antenna
aperture. Therefore, for a given number of sub-arrays N , the
number of sub-arrays in the horizontal and vertical directions
Nh, Nv in the most compact design follows

arg min
Nv≥Nh

(Nv − Nh), s.t. N = Nv · Nh. (9)

III. COMBINATION OF SPACIAL MULTIPLEXING AND

BEAMFORMING

For a fixed targeting transmission rate, a trade-off between
the number of antenna elements within a sub-array and the
number of sub-arrays in the complete super-array is required
to clarify the system design.

A. Radiation Pattern of Individual Sub-array

Due to the high path loss of wireless communication sys-
tems at 60GHz, sub-array gains at the transmitter and receiver
sides are introduced to overcome the SNR degradation from
the high path loss. The sub-array gain is formulated with the
sub-arrays that are introduced in Section II. Considering the
pattern multiplication for arrays of identical elements [14], the
beam pattern or radiation pattern Bp(θ, φ) of far-zone field
is equal to the product of the element factor EFp(θ, φ) and
the array factor AFp(θ, φ), while the transceiver indicator is
p ∈ {Tx, Rx}. That is

Bp(θ, φ) = EFp(θ, φ) ·AFp(θ, φ). (10)

Assuming that the major lobes of all the sub-arrays at
transceivers are pointing in the transmit direction (z-direction),
the array factor AFp(θ, φ) of a URA with Mh ×Mv antenna
elements given by [15] would be represented by

ψh =
π

λ
dh sin(θ) cos(φ), (11)

ψv =
π

λ
dv sin(θ) sin(φ), (12)

AFp(θ, φ) =
1√
Mh

sin(Mhψh)

sin(ψh)

1√
Mv

sin(Mvψv)

sin(ψv)
,(13)

where dh, dv denote the antenna spacing in horizontal and
vertical directions of the sub-arrays and dh = dv = λ/2. A
typical radiation pattern for a uniform rectangular sub-array
of Mh × Mv isotropic antenna elements (or a typical array
factor of a Mh × Mv array) is shown in Fig. 2.

B. Link Budget and Energy Efficiency Upper Bound

Communication in the 60GHz region suffers from high
atmospheric attenuation (e.g. oxygen absorption) and rain
attenuation which must be considered for the link budget
calculation. In order to overcome the high attenuation, the
antenna gains at transceivers are essential to compensate the
SNR degradation. The maximum power gain Gp

max of the
transmit and receive sub-arrays satisfies

Gp
max � [Bp

max]
2. (14)
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The power attenuation PL(D) = ρ(D)
2 in a strong LOS

wireless channel can be formulated in [dB] as

PL(D)[dB] � PTx
FE [dB] + Pfs(D)[dB] + Poa(D)[dB] +

Pra(D)[dB] + PRx
FE [dB], (15)

where the Pfs(D), Poa(D), Pra(D), PTx
FE and PRx

FE are the free
space path loss, oxygen absorption, the rain attenuation, front
end loss of the Tx and Rx respectively. The free space path
loss Pfs satisfies Pfs(D) � ( 4πDλ )2 [16]. The noise power Pn

in Equation (8) consists of the thermal noise Pth and the noise
figure Pnf . The thermal noise Pth satisfies

Pth[dBm] � 10 · log10(1000 · kB · T ·W ), (16)

where kB is the Boltzman constant (kB = 1.380649 ·
10−23J/K), T is the absolute temperature in Kelvin and W is
the allocated bandwidth. Based on the estimation of the path
loss in Equation (15), the received SNR γ̄ in Equation (8) can
be calculated as

γ̄[dB] = PT[dBm] +GTx
max[dBi]− PL(D)[dB] +

GRx
max[dBi]− Pn[dBm], (17)

where the PT denotes transmit power. From Equation (8), the
maximum achievable transmission rate R is given by

R =W · C =W · log2 det(IN +
γ̄

N
H̃H̃H) bit/s. (18)

Furthermore, the upper bound of the energy efficiency as a
function of Mh, Mv and N can be calculated as

η(Mh,Mv,N) � R/PT bit/J. (19)

Due to the orthogonality of the H matrix, the transmission rate
scales with respect to the number of sub-arrays. In order to
reduce the number of free parameters in the energy efficiency
evaluation, we assume Mh = Mv = M . Furthermore, due to
the fact that the ratio R

N ·PT
barely varies with respect to N in

later computation, we use the average value of upper bound
of energy efficiency per sub-array over N ∈ [1,Nmax] as the
criteria to evaluate the energy efficiency, which as a function
of M only is defined as

η̄n(M) � 1

Nmax

Nmax∑
N=1

η(M,M,N)

N
bit/J/Sub-array. (20)

IV. RESULT EVALUATION

For simplicity of the result evaluation and reducing the
number of variables, we assume that each sub-array consist
of Mh × Mv identically polarized antenna elements where
Mh = Mv = M . The neighboring antenna elements are half
the wavelength spaced in horizontal and vertical directions,
dh = dv = λ/2. In order to build a robust MIMO system for
the outdoor environment with a transmit distance of 100m, we
assume operation under severe weather as the worst case sce-
nario. As suggested by [17], in the given scenario, the values
of the oxygen and rain attenuation Poa(D), Pra(D) at 60GHz
would be approximately Poa(D) = 15dB/km · D = 1.5dB
and Pra(D) = 18dB/km ·D = 1.8dB (18dB/km for rainfall
rate of 50mm/h), respectively. We assume a temperature of
T = 293K and a noise figure Pnf = 5dB, as typically it is in
the range of 5 to 8dB.

Considering the proposed wireless backhaul system is op-
erating at 60GHz, the 802.11ad standard defines that ’The
transmit spectrum shall have 0dBr (dB relative to the max-
imum spectral density of the signal) bandwidth not exceeding
1.88GHz.’ [18]. Therefore, the value for W is set as 1.88GHz.

In practice, the idea isotropic and point source antenna ele-
ments do not exist. Furthermore, the element factor EFp(θ, φ)
depends on the design and the fabrication. Works in [19], [20],
[21], [22], [23] focus on the dense packed sub-array design
at 60GHz. A double-layer hollow-waveguide sub-array is pro-
posed in [19]. The test antenna achieves about 8dBi/element

with an efficiency of 80%. [20] focuses on the on-chip patch
antennas design at 60GHz with 6.34dBi/element. However,
the efficiency for CMOS patches have generally been low,
about 14%. Studies have also been made for in-package
patches with different materiel. [21] achieves 6dBi/element

on fused silica. [22] achieves 7.4dBi/element with an effi-
ciency of 60% on glass package substrate. [23] achieves 3
to 6dBi/element with estimated insertion loss of 2dB on
LTCC. For simplicity, in the proceedings of the computation,
we assume that EFp(θ, φ) = 6dBi and a front-end loss via
assuming PTx

FE [dB] = PRx
FE [dB] = 2dB.

A. Result under EIRP Constraints

The EIRP limit regulates the emission to avoid harmful
interference to authorized radio services in the band. The EIRP
limit for 60GHz devices located outdoors has been amended
to the following: ’The average EIRP limit from 40dBm to
82dBm minus 2dB for every dB that the antenna gain is
below 51dBi’ [24].2. That means the EIRP limit Peirp[dBm]

in terms of dBm for 60GHz devices located outdoors can be
formulated as

Peirp[dBm]�max
[
min

[
82−2(51−GTx

max[dBi]), 82
]
, 40

]
dBm.

(21)

2The peak EIRP limit is also amended with 3dBm addition to the average
EIRP limit For modulated signal with peak-to-average power ratio (PAPR)
higher that 3dB, the maximal transmit power should be further restricted.
In the proceedings of this paper, we neglect the possible degradation of the
radiated power due to the high PAPR caused by the modulation schemes to
provide an upper bound to the achievable transmission rate.



The maximum transmit power PT that can be used is therefore
constrained by the EIRP limit which includes the following
components:

Peirp[dBm] = PT[dBm] +GTx
max[dBi]− PTx

FE [dB]. (22)

Considering the high demand for ever increasing trans-
mission rates of the macro-cell backhaul in next generation
communication systems, 100Gbps is a promising value for
wireless backhaul links that replace the fiber backhaul links
and further reduce the costs for fiber installation. Therefore,
the computation, based on the model described above, focuses
on link capacities higher than 100Gbps, as illustrated in Fig. 3.

The border of the none dark blue region in computation
result shows that, for a fixed targeting transmission rate, there
is a trade-off between M and N in system design. Furthermore,
from Fig. 3, it can be found that the maximum date rate
increases more rapidly with M � 16 due the fact that the sub-
array gain is higher than 31dBi, which leads to an increment
of the EIRP limit according to the regulations. If the antenna
elements could provide higher element gain from the RF
design, then requirement on M value can be further reduced
and the performance of the system can be improved.

Considering the degradation of the system due to effects like
RF impairments and possible high PAPR values, the system
should be designed in a reasonable size with high date rate to
provide some redundancy. Based on the Equation (2) and (18),
the antenna size and the data rate under the optimal design are
exemplified in Table I. For the system designs with indexes
1 to 4, it can be found that M has a significant impact on
the SNR. However, for large M , the requirements for the RF
chains might be too strong due to a high SNR. For the system
designs with indexes 4 to 5 and 6 to 8, it can also be found
that the capacity is almost linear with respect to N . We can
conclude that at high SNR we would have a link capacity of
C ≈ N ·CSISO and that for arrays following the most compact
design, the differences of the radiation patterns in targeting
transmit directions are not very significant. Furthermore, the
ratio R/(N · PT) has a small variation and is insensitive to
N .

The average energy efficiency per sub-array is illustrated
in Fig. 4. It can be found that at region M ≤ 15, the upper

Fig. 3: Achievable Transmission Rates under EIPR Constraints.
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bound of the energy efficiency keeps creasing. In this region,
the EIRP limit is a constant value. By increasing M , besides
the increased transmission rate, the gain on energy efficiency
is also obtained through the reduced transmit power. However,
the energy efficiency gradually drops when M ≥ 16 due to the
fact that more transmit power is used. However, if the EIRP
limit is a constant number, e.g. Peirp = 40dBm for indoor
applications [24], the energy efficiency increases more rapidly
as M increases.

B. Result under Maximum Transmit Power Constraints

As the backhaul applications are placed on roof-top, less
harmful interference is created due to the spatial orthogonality
and limit for human exposure only need to be considered in
far-zone field. Although we are aware that the EIRP limits
from the [24] has considered this effect for outdoor devices to
encourage longer range 60GHz communication, for research
purpose, the system performance under a maximum transmit
power (regarding less of the EIRP limits) is also worth to
be investigated. Furthermore, considering the cost for power
amplifier (PA) at high output power is very high, it is typical to
assume that, with a given PA, the maximum transmit power
on-board is a constant number. Therefore, the computation
result of link budget in Fig. 5 is made under assumption that
PT[dBm] ≤ 10dBm (PT ≤ 10mW ).

From Fig. 5, the design of the system architecture can also

Fig. 5: Achievable Transmission Rates with PT ≤ 10dBm.



TABLE I: Example Parameters of Wireless Backhaul Systems under EIRP limit at a transmit Distance of 100m.

Index N =Nv×Nh M2 R(Gbps) γ̄[dB] PT[dBm] Height×Width Index N =Nv×Nh M2 R(Gbps) γ̄[dB] PT[dBm] Height×Width
1 4 = 2 × 2 232 101.7 40.8 15.2 0.50m×0.50m 5 16 = 4 × 4 42 191.6 19.1 24.0 1.06m×1.06m
2 6 = 3 × 2 102 101.4 27.1 16.0 0.82m×0.50m 6 9 = 3 × 3 82 141.3 25.1 18.0 0.82m×0.82m
3 8 = 4 × 2 52 105.4 21.1 22.0 1.06m×0.50m 7 10 = 5 × 2 82 157.1 25.1 18.0 1.26m×0.50m
4 9 = 3 × 3 42 107.8 19.1 24.0 0.82m×0.82m 8 16 = 4 × 4 82 251.1 25.1 18.0 1.06m×1.06m

be evaluated for a fixed targeting transmission rate. The trade-
off between M and N for a fixed targeting transmission rate
still exists. The performance of the system does not outperform
the link budget under EIRP limit due the the fact that the
radiation power does not exceed the EIRP limit. However, by
using better PA with higher PT, e.g. PT[dBm] ≤ 20dBm, a
higher transmission rate is expected when the radiated power
is larger than EIRP limit. However, the energy efficiency, as
one may expect, is lower as indicated in Fig. 4.

V. CONCLUSION

In this paper, we proposed a two-level hierarchical MIMO
system that combines the spatial multiplexing gain and beam-
forming gain in a strong LOS channel intended for applica-
tions such as wireless backhaul. In addition to the system
architecture, a realistic channel model together with models
for calculating link budget and the upper bound of the energy
efficiency are introduced. The realistic parameters for the
proposed channel were plug-in for computations. The applied
computations following IEEE 802.11ad and EIRP limit at 57-
64GHz band regulations showed that the system is capable of
achieving more than 100Gbps at a transmission distance of
100m with reasonable antenna sizes, especially for operation
in the 60GHz band which exhibits high power attenuation.
Meanwhile, the system designs under maximum transmit
power on-board were also evaluated for a fixed targeting
transmission rate and demonstrated. All results clearly showed
that, for the system design targeting at a certain transmission
rate, there exists a trade-off between the sub-array number
and antenna element number in each sub-array. Meanwhile,
the upper bounds of the energy efficiency following the above
mentioned constraints were compared and showed a great
potential in obtaining very high efficiency.
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