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ABSTRACT Lens antenna subarray (LAS) is one of the recently introduced technologies for future wireless
networks that significantly improves the energy efficiency of multiple-input multiple-output (MIMO)
systems while achieving higher spectral efficiency compared to single-lens MIMO systems. However,
a control mechanism for the LAS-MIMO design is considered a challenging task to efficiently manage
the network resources and serve multiple users in the system. Therefore, in this paper, a sub-grouped LAS-
MIMO architecture along with a hybrid precoding algorithm are proposed to reduce the cost and hardware
overhead of traditional hybrid MIMO systems. Specifically, the LAS structure is divided into sub-groups
to serve multiple users with different requirements, and an optimization problem based on the achievable
sum-rate is formulated to maximize the spectral efficiency of the system. By splitting the sum-rate problem
into sub-rate optimization problems, we develop a low-complexity hybrid precoding algorithm to effectively
control the proposed architecture and maximize the achievable sum-rate of each subgroup. The proposed
precoding algorithm selects the beam of each lens from a predefined set within a subgroup that maximizes
the subgroup sum-rate, while the phase shifters and digital precoders in each subgroup are computed
independently. The link between subgroups is updated based on successive interference cancelation to
minimize interference between users of different subgroups. Our analysis and simulation results show that
the proposed precoding algorithm of the sub-grouped LAS-MIMO architecture performs almost as well as
traditional fully-connected hybrid MIMO systems in terms of spectral efficiency at low and high signal-to-
noise ratio (SNR). It also outperforms traditional fully-connected and sub-connected hybrid MIMO systems
in terms of energy efficiency, even when a large number of lenses are employed.

INDEX TERMS Lens antenna subarray (LAS), sub-grouped, MIMO, mmWave, hybrid precoding, energy
efficiency, spectral efficiency.

I. INTRODUCTION
Millimeter-wave (mmWave) systems are the key technol-
ogy for next-generation wireless communications systems
that support higher data rates and wide bandwidths. The
mmWave bands enable the use of multiple antenna technolo-
gies such as multiple-input multiple-output (MIMO) due to
the short wavelength that allows a large antenna array to be
packed into small form factors. Although MIMO systems
can provide directional transmission with high gain, each
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antenna element requires its own radio-frequency (RF) chain
in digital beamforming, resulting in high cost and power
consumption [1]. To overcome this problem, various hybrid
beamforming architectures have been developed that have
a smaller number of RF chains compared to fully digital
beamforming systems [2]. In these systems, hybrid precoding
algorithms are developed to optimize beamforming in both
the analog and digital domains. They are based either on spa-
tially sparse precoding techniques as in [3] or on a codebook
with an iterative search procedure as in [4] to calibrate a small
number of RF chains with a large number of antenna elements
in the array.

75176 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 10, 2022

https://orcid.org/0000-0001-7679-0326
https://orcid.org/0000-0002-3275-4865
https://orcid.org/0000-0001-9474-7372
https://orcid.org/0000-0002-6809-9663


L. Afeef et al.: Energy and Spectral-Efficient Lens Antenna Subarray Design in MmWave MIMO Systems

Many wireless systems using hybrid beamforming archi-
tectures require a large number of phase shifters (PSs) to
provide uniform data transmission, resulting in power con-
sumption that outweighs the energy-saving benefits of using
fewer RF chains, as discussed in [2]. Therefore, alternative
designs such as lens antenna array (LAA) [5] along with
beamspace MIMO channel representation [6] are introduced
to make the hybrid beamforming MIMO systems more appli-
cable in practice and replace the bulky PS network with a
simple switching network.

The LAA enables the representation of the mmWave
MIMO channel in sparse beamspace domain by using a uni-
tary discrete Fourier transform matrix. In addition, LAA has
the ability to focus the signal power beam on different antenna
elements. Due to the sparseness of the beamspace channel
in mmWave systems, the number of focused energy beams
is much less than that of the number of antenna elements,
leading to the use of beam selection techniques [7]–[9]. The
design of a beamforming system for a large antenna array,
as in massive MIMO [10]–[12], with only a single-lens array
presents some difficulties, including power leakage prob-
lem [13], large focal depth of the lens [14], and lack of
scalability, since a larger/smaller lens must be redesigned
when the number of antenna elements changes. There-
fore, dividing the aperture area occupied by a large single
lens into smaller lenses is proposed in [15]–[17] under the
name of lens antenna subarray (LAS) to obtain a compet-
itive system in terms of RF design feasibility and power
consumption reduction with minimal impact on per-chain
capacity.

In order to investigate the performance of the hybrid LAS-
MIMO architecture shown in Figure 1(a), an analog/digital
precoding technique was used based on an exhaustive search
in [17]. The results in [17] show that the hybrid LAS archi-
tecture remarkably improves spectral efficiency and energy
efficiency compared to a single-lens system under various
mmWave channel conditions. Compared to a MIMO sys-
tem without a lens array, i.e., hybrid traditional array (TA)-
MIMO architecture [3], the LAS design shows a significant
improvement in energy efficiency at sufficient data rate lev-
els. However, the practical use of a fully-connected hybrid
LAS-MIMO architecture with a precoding algorithm based
on exhaustive search is challenging due to its high compu-
tational complexity. Therefore, in this paper, we propose a
sub-grouped LAS-MIMO architecture with a low-complexity
hybrid precoding design for mmWave MIMO systems.

The contributions of this work can be summarized as
follows:
• We design a sub-grouped LAS structure in mmWave
MIMO systems for multi-user communication scenar-
ios. In the proposed sub-group design, the RF paths
are grouped into subgroups, where each subgroup is
associated with a part of the lens subarray to serve differ-
ent users located in different environments with diverse
requirements. This grouping of RF chains reduces
the implementation complexity of the fully-connected

LAS structure presented in [17], resulting in a reduction
of RF power consumption.

• We propose a beam selection-based sum-rate maxi-
mization algorithm and an associated precoder to drive
the proposed sub-grouped LAS-MIMO design. Since
the transmitted beam and the sub-beams of the lens
array have no direct relationship, the conventional beam
selection methods cannot be directly applied to the
lens subarray design. Therefore, the proposed precoding
algorithm divides the optimization problem in a fully-
connected LAS-MIMO system into sub-rate optimiza-
tion ones. In each sub-rate optimization problem, the
conventional exhaustive search-based full beam selec-
tion is simplified and partially applied to optimize the
beam selection network and reduce the time required
to implement the algorithm. For a given sub-group pro-
cess, user interference between subgroups is then sup-
pressed by removing the contribution of the previously
solved sub-rate optimization problem of the previous
sub-group from the current sub-rate optimization prob-
lem using the successive interference cancellation (SIC)
concept.

• The performance of the proposed sub-grouped
LAS-MIMO architecture and the proposed precoding
algorithm are investigated in terms of power consump-
tion, complexity, spectral efficiency, and energy effi-
ciency. Simulation results demonstrate that the proposed
precoding algorithm achieves similar sum-rate level as
the fully-connected hybrid TA-MIMO systems while
matching the performance of fully and sub-connected
hybrid TA-MIMO systems in terms of energy efficiency
with nearly 400% and 45% at high signal-to-noise ratio
(SNR) levels for 8 users in the system.

The remaining parts of this paper are organized as fol-
lows. Section II presents the mmWave MIMO system using
LAS design along with its design issue. Section III presents
the system design of the proposed sub-grouped hybrid LAS
architecture along with the proposed precoding algorithm.
In this section, the complexity of the proposed algorithm is
calculated and the energy consumption model for the sys-
tems using the fully-connected and the proposed sub-grouped
hybrid LAS-MIMO architecture is also provided. Section IV
presents the numerical results for the power consumption and
efficiency of the systems using both the fully-connected and
the sub-grouped hybrid LAS-MIMO architectures. Finally,
Section V concludes the paper and provides directions for the
future.
Notation: bold uppercase A, bold lowercase a, and unbold

letters A and a are used to denote matrices, vectors, and
scalar values, respectively. ‖a‖F is the Frobenius norm.
| · | denotes the determinant operation. tr{·}, (·)H , (·)T , and
(·)−1 denote the trace, Hermitian, transpose, and inverse,
respectively. diag(a) is the diagonal matrix with the vec-
tor a on its diagonal. CM×N denotes the space of M × N
complex-valued matrices. Finally, IN is the N × N identity
matrix.
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FIGURE 1. LAS-MIMO system model for (a) fully-connected and (b) proposed sub-grouped architectures.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. LAS-MIMO SYSTEM MODEL
Consider a downlink mmWave MIMO system using LAS.
The base station (BS) uses Nt antenna elements connected to
NL lenses. Each lens hasM antenna elements, soM = Nt/NL
where M is integer, as shown in Fig. 1(a). Note that allM lens
sizes are much smaller than a typical single-lens [5] system,
hence the architecture is referred to as LAS. In addition, the
BS has NRF RF chains to simultaneously serve K single-
antenna users. Since the total number of active users can be
arbitrarily larger than NRF in practice, we assume that the BS
first selects NRF users from the total active user pool before
transmission to achieve full multiplexing gains [18], [19].

As in Fig. 1(a), the data stream is first passed through a
baseband precoder FBB ∈ CNRF×NRF . Then, the output of
each RF chain is passed through a B-bit PS network with fRF
precoding vector. The PS precoder of the k-th RF chain is

f(k)RF =
1
√
NL

[
ejφ1,k , ejφ2,k , . . . , ejφNL ,k

]T
, (1)

where φl = 2πb
2B , l = 1, 2, · · · ,NL . b can take any value from

b = {b; b = 0, 1, . . . , 2B − 1} [20]. The total PS precoder
at all RF chains is FRF = [f(1)RF, f

(2)
RF, . . . , f

(NRF)
RF ]. After that,

the analog signal is routed through a switching mechanism
modeled by a FLAS precoder to the lenses for transmission,
given as follows

FLAS =


s(1)t 0M×1 · · · 0M×1
0M×1 s(2)t 0M×1
...

. . .
...

0M×1 0M×1 · · · s(NL )t

, (2)

where s(l)t is theM×1 beam selection vector at lens l overlaid
by all RF chains. For x transmitted streams, the received

signal at user k is given as

yk = hkFLASFRFFBBx+ nk , (3)

where hk ∈ C1×Nt is the narrowband channel of user k and
n ∼ CN (0, σ 2

o ) is an additive white Gaussian noise. Here we
use the clustered geometric channel representation, which is
useful for modeling mmWave propagation, i.e., the k-th user
channel is given as [21]

hk =
Pk∑
i=1

βi,kaH (θ ti,k ), (4)

where Pk is the number of channel paths of user k ,
βi,k is the channel coefficient with complex normal distribu-
tion CN (0, 1) on the i-th path for the k-th user, θ ti,k is the
angle of departure (AoD), and a is the response vector of the
transmit antenna array. For a uniformly spaced antenna array,
the steering vector is given as

a(θ) =
[
1, e−j2π

d
λ
sin θ , . . . , e−j2π

d
λ
(Nt−1) sin θ

]T
, (5)

where d = λ/2 being inter-element spacing and λ is the
carrier wavelength.

B. PROBLEM FORMULATION
Assume that the total design precoding F = FLASFRFFBB,
the achievable spectral efficiency for all users is given by [3]

Rfull = log2

(∣∣∣∣INRF +
γ

NRF
HFFHHH

∣∣∣∣), (6)

where γ is the SNR value, and H = [hT1 ,h
T
2 , . . . ,h

T
NRF

]T is
the channel matrix of all users.

In general, the precoding design aims to maximize the
spectral efficiency overall users, taking into account the trans-
mit power constraint and the constant modulus constraint of
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the analog beamformers. Therefore, the problem is formu-
lated as follows

(Fopt
LAS,F

opt
RF,F

opt
BB) = arg max

FLAS,FRF,FBB
Rfull,

s.t. FRF ∈ FRF,

FLAS ∈ FLAS,

tr
(
FHBBF

H
RFFRFFBB

)
= NRF,

||FRF||
2
F = 1, (7)

given thatFLAS is the set containing all feasible LAS selected
beams [17] whileFRF is the set of feasible RF precoders, i.e.,
the set of Nt × NRF matrices for FRF matrix with constant
magnitude entries [3].

It is assumed that the BS perfectly estimates the channel
matrix H using an effective channel estimation scheme such
as the techniques presented in [22]–[28] to obtain the esti-
mated channel Ĥ. Other estimation techniques depending on
the proposed lens architecture can be explored in future work.

The problem in (7) is ideally solved by an exhaustive search
over all possible sets for the precoderFLAS andFRF, while the
digital precoder FBB can be computed by using zero-forcing
technique according to [29] as follows

FBB =

(
FHRFF

H
LASĤ

H ĤFLASFRF

)−1 (
ĤFLASFRF

)H
. (8)

However, it should be noted that due to the non-convex
feasibility constraint FRF ∈ FRF, there is no general solutions
to (7) [3], and the optimization over FLAS and FRF jointly is
unfeasible for the following reasons:

1) To design FRF, an exhaustive search from a predefined
set is required to find an optimal solution. However, the
possible choices in the set increase exponentially with
the increase in lenses and PSs resolutions.

2) In beam selection matrix FLAS, as defined in [17], the
complexity is limited to the number of lenses NL and
antenna elements associated with each lens M . For a
fixed M , as the number of NL in the system increases,
the number of search angles increases exponentially,
since each lens has its own angle that must be set
optimally.

Consequently, we propose a MIMO system using a
sub-grouped hybrid LAS architecture (i.e., sub-grouped
LAS-MIMO system) to reduce the complexity of the precoder
and to further improve the energy efficiency of the system.

III. PROPOSED SUB-GROUPED LAS TRANSCEIVER
DESIGN
In this section, we first present the proposed sub-grouped
LAS transceiver design, where the conventional LAS-MIMO
system is grouped into sub-grouped LAS-MIMO. Then,
a sub-grouped-based precoding is proposed for the presented
LAS design. After that, the complexity of the proposed
algorithm is calculated, and the model for estimating the
energy efficiency of the fully connected and the proposed
sub-grouped LAS architectures is presented.

A. TRANSCEIVER DESIGN
In conventional fully-connected LAS-MIMO design, as
shown in Figure 1(a), the signal out of each RF chain is
passed from all PSs to the activated antenna element by a
switching network under each lens in the LAS structure.
Hence, the transmitted beam is launched from all NL lenses
in the design. This results in producing similar beam gains
as in conventional fully-connected TA-MIMO system with
significantly less hardware requirement and thus less power
consumption [17]. However, as the size of the antenna array
increases, the channel realization varies in each part of the
antenna array. Therefore, different users served by this system
face diverse environments. For instance, user at 30◦ direction
experiences a high-sparse channel with only one line-of-sight
(LoS) path. This user would prefer to be served with the
maximum beamforming gain that the system can provide.
Another user, who is in the 130◦ direction, may be faced with
multiple scatterers that create a multipath channel. To serve
this user, an optimized beamforming gain is required based
on the realization of his channel, which is different from that
of the first user.

In order to serve multiple users with different require-
ments and further improve the energy efficiency of
the conventional fully-connected LAS-MIMO system, a
sub-grouped LAS design is proposed in this work by dividing
the multiple lenses structure in fully-connected LAS-MIMO
design into Ng sub-groups. In each sub group, there are
Lsub =

NL
Ng

lenses with Ksub =
NRF
Ng

RF chains connected

to all Lsub lenses as shown in Figure 1(b), given that Ksub
is chosen to be an integer and there are Q antenna elements
under each lens. Unlike the conventional fully-connected
LAS-MIMO design, in the proposed sub-grouped LAS-
MIMO structure, the signal generated from one RF chain
belongs to only one sub group and does not connect to
other lenses in the other sub groups. Figure 1(b) illustrates
the transmitter design of the proposed sub-grouped LAS-
MIMO architecture, while the receiver obeys the inverse
architecture. The following subsection focuses on the hybrid
precoding design to control the proposed sub-grouped LAS
architecture.

B. PROPOSED SUB-GROUPED-BASED PRECODING
In the proposed sub-grouped architecture, the hybrid pre-
coder turns to be a spatial block diagonal such as F =
diag{F(1),F(2), . . . ,F(n), · · · ,F(Ng)}= [F

′

(1),F
′

(2), . . . ,F
′

(Ng)
].

This is due to the simplified structure of FLAS, FRF, and FBB,
given as follows

FLAS=


F(1)
LAS 0QLsub×Lsub · · · 0QLsub×Lsub

0QLsub×Lsub F(2)
LAS 0QLsub×Lsub

...
. . .

...

0QNLsub×NLsub 0QLsub×Lsub · · · F
(Ng)
LAS

,
(9)
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FRF=


A(1)
t 0Lsub×Ksub · · · 0Lsub×Ksub

0Lsub×Ksub A(2)
t 0Lsub×Ksub

...
. . .

...

0Lsub×Ksub 0Lsub×Ksub · · · A
(Ng)
t

,
(10)

FBB=


F(1)
BB 0Ksub×Ksub · · · 0Ksub×Ksub

0Ksub×Ksub F(2)
BB 0Ksub×Ksub

...
. . .

...

0Ksub×Ksub 0Ksub×Ksub · · · F
(Ng)
BB

,
(11)

where At is a Lsub × Ksub matrix where its vector follows (1)
with Lsub elements.

In addition to the above beamformer constraints, the con-
straints in (7) for the optimization problem are also consid-
ered in the proposed sub-grouped scheme. Considering that
the precoding on different sub-grouped in the LAS architec-
ture is independent, the optimization problem can be divided
into a set of suboptimization problems as stated in [30] using
the SIC concept. Therefore, based on the proposed model for
sub-grouped systems, (6) can be modified as follows

Rg =
Ng∑
n=1

log2

(∣∣∣∣IKsub +
γ

NRF
(F′(n))

H ĤHV−1n−1ĤF′(n)

∣∣∣∣),
(12)

where F′(n) is Nt × Ksub sub matrix of matrix F, and Vn =

INRF +
γ
NRF

ĤFnFHn Ĥ
H is the auxiliary matrix for interference

cancellation between the sub-groups with V0 = INRF where
Fn is Nt × nKsub matrix contain the first nKsub columns
of F. Thus, since F′(n) has non-zero values at F(n) only, the
sub-optimization problem can be equivalently written as

Fopt
(n) =arg max

F(n)
log2

(∣∣∣∣IKsub+
γ

NRF
(F′(n))

H ĤHV−1n−1ĤF′(n)

∣∣∣∣),
(13)

which follows the constraints stated in (7). The optimiza-
tion problem starts by optimizing the achievable spectral
efficiency of the first sub-grouped array F(1) by excessively
searching all possible switches’ and PS’s set for the F(1)

LAS
and A(1)

t optimization, respectively. To relax the optimiza-
tion problem, the `-th column in the sub-grouped PS pre-
coder A(1)

t can be modeled by a beamforming vector as
follows

a`t =
1
√
Lsub

[
1, ej2π

dLsub
λ

sin θ` , . . . , ej2π
dLsub
λ

(Lsub−1) sin θ`
]T
,

(14)

where sin θ` = 8` with8` = b/2B and b is chosen so that θ`
is approximately equal to the AoD of the user ` (i.e., θ` ≈ θ̂`).

After selecting F(1)
LAS from the predefined set FLAS, F

(1)
BB is

Algorithm 1: Proposed Hybrid Precoding Algorithm of
the Proposed Sub-Grouped LAS-MIMO System

Input: Ng,NRF, Ĥ, γ,NL ,B
Output: Rg,max

1 Initialize V0 = INRF ,
2 Build all possible sets for FLAS for the proposed

sub-grouped LAS-MIMO design
3 for n = 1, 2, . . . ,Ng do
4 for ` = 1, 2, . . . ,Ksub do
5 Define θ` ≈ θ̂` based on resolution value B,
6 Define a`t as in (14).
7 end
8 for i = 1, 2, . . . , all possible set in FLAS do
9 Select the beams in F(n,i)

LAS from FLAS beams set,
10 Calculate F(n,i)

BB using (15),
11 Calculate F(n,i) = F(n,i)

LASA
(n,i)
t F(n,i)

BB ,
12 Calculate R(n,i) =

log2
(∣∣∣IKsub +

γ
NRF

(F(n,i))H ĤHV−1n−1ĤF(n,i)

∣∣∣).
13 end
14 Fopt

(n) = arg maxR(n),
15 Rmax

n = maxR(n),
16 Calculate Vn = INRF +

γ
NRF

ĤFnFHn Ĥ
H .

17 end
18 Rg,max =

∑Ng
n=1 R

max
n

calculated by modifying (8) as follows

F(1)
BB =

((
HF(1)

LASA
(1)
t

)H
HF(1)

LASA
(1)
t

)−1 (
HF(1)

LASA
(1)
t

)H
,

(15)

where H is Ksub × QLsub sub matrix of matrix Ĥ that
is corresponding to the given sub-grouped. Then, the
matrixV1 is updated. The same procedures are accomplished
for the other sub-grouped antennas until the last sub-grouped
array. The proposed sub-grouped precoding is summarized
in Algorithm 1.

It is worth mentioning that in the sub-grouped LAS-MIMO
system, each sub-group has a lower antenna gain compared
to the fully-connected architecture, which may prevent the
coverage of the distant users that can be covered by the fully-
connected architecture. However, the LAS-MIMO system
is able to provide less interference to all nearby users that
are close enough to a particular subgroup. This is due to
the ability of the proposed precoding algorithm to optimize
each subgroup independently before updating the auxiliary
matrix Vn.

C. COMPLEXITY EVALUATION
A complexity evaluation is performed to show that the search
procedure for the optimal precoder design is simplified with
the proposed sub-grouped LAS-MIMO system as opposed
to the fully-connected LAS-MIMO system. To obtain the
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optimal precoder, we first need to select a candidate FLAS
and the FRF, and then calculate the FBB according to the (8).
Since the constraint (7) for the fully-connected LAS-MIMO
system containsM×NL nonzero elements, the search process
requires 2M×NL possible FLAS, while (2B)NL×N RF requires
possible FRF quantities for F LAS , where B represents the
bit resolution of the PSs. Therefore, (2B)NL×NRF

× 2M×NL
possible search can be obtained to design optimal FLAS, FRF,
and FBB which makes the computational cost prohibitive due
to the large Nt in mmWave massive MIMO systems (i.e., for
M = 8, Nt = 64, NL = 8, and B = 4 the number of searches
required is (24)

8
× 28×8 ≈ 8× 1028 for each RF chain).

On the other hand, in the proposed sub-grouped
LAS-MIMO system, the number of searches required is
significantly reduced because the precoders in the different
subgroups are independent. Therefore, the search process is
performed independently in each group. Moreover, the PS
precoder is fixed and is set based on the direction of the users.
Thus, for a given subgroup, the number of searches required
for F(n)

LAS is 2Q×Lsub . Therefore, only Ng × 2Q×Lsub needs to
be searched to find the appropriate precoder for the proposed
sub-grouped LAS-MIMO design (i.e., considering Nt = 64,
NL = 8, Ng = 4 subgroups, and Q = 8 antennas per lens,
the number of searches required is 4 × 28×2 ≈ 2.6 × 105).
According to the numerical results regarding the number
of required searches, the precoding algorithm proposed in
Algorithm 1 is suitable and affordable for the proposed sub-
grouped LAS-MIMO system.

D. ENERGY EFFICIENCY
Energy efficiency can be defined as the number of bits that
can be transmitted per unit of energy, or as the ratio between
the achievable sum rate and the total power consumed by the
system, as in [17], [31], which can be expressed as follows

EE =
C

Pc +
Px
ρ

=
Bw R

Pc +
Px

ηPA ηSW

, (16)

where R is the spectral efficiency of a given system. C , Bw,
Pc, and Px represent the system capacity, the available system
bandwidth, the total circuit power consumed, and the total RF
power to be transmitted by the antenna elements, respectively.
In addition, ηPA is the power amplifier efficiency and ηSW
is the efficiency of the switches, which can be expressed as
ηSW = 10−ζ ILSW/10, where ζ is the number of series switches
needed to implement the architecture under each lens and
ILSW is the insertion loss for the switch.
In order to calculate the energy efficiency of the LAS-

MIMO systems, a power model is proposed for the Fig. 1(a)
in [17] where the power consumption is defined as

Pc = NRFNLPPS + ζNRFNLPSW + NRFPRF, (17)

where PPS, PSW, and PRF are the power consumption of PS,
switches, and RF chain, respectively. For the proposed sub-
grouped LAS-MIMO architecture shown in Fig. 1(b), the

TABLE 1. Simulation parameters.

power consumption model of the fully-connected LAS-
MIMO architecture given in (17) needs to be modified as

P′c = NRF
NL
Ng

PPS + ζNRF
NL
Ng

PSW + NRFPRF. (18)

IV. SIMULATION RESULTS
In this section, the spectral and energy efficiency perfor-
mances of the proposed sub-grouped LAS-MIMO system
are evaluated when the proposed hybrid precoder is used
by the system. The performances are compared with those
of the TA-MIMO systems when the TA systems use three
well-established precoders,which are defined as 1) TA fully-
connected: optimal unconstrained precoding based on the
single value decomposition (SVD) of the channel matrix for
fully-connected hybrid beamforming MIMO structure, 2) TA
sparse: spatially sparse precoding algorithm introduced in [3]
and applied on a fully-connected hybrid beamformingMIMO
structure, and 3) TA sub-connected: the SIC-based precoding
introduced in [30] and applied on a sub-connected hybrid
beamforming MIMO structure. Furthermore, the proposed
precoding algorithm is applied on a fully-connected LAS
design with NL = 4 by assuming one group in the pro-
posed sub-grouped LAS structure. TA performance evalua-
tions assume that full-resolution PSs are used in all three
system designs. In addition, as in [33], a sub-connected
MIMO system model with one lens in each subgroup is
considered, where each RF chain is connected to only one
lens.

Simulation parameters set for all results are shown in
Table 1. The transmit power is assumed to be Px = EIRP −
GdB, where EIRP = 45 dBm is the effective isotropic radiated
power and G represents the antenna array gain calculated
with aperture efficiencies of 90% and 80% for the two archi-
tectures TA and LAS, respectively [17]. Each lens in the
LAS system has an area of M (λ2 )

2 with M antenna elements
uniformly connected under this area. The AoD is assumed
to follow a uniform distribution within [−π/2, π/2] with
5◦ spreading. Finally, the two related spectral and energy
efficiency results are averaged over 500 random channel
realizations and reported.
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FIGURE 2. Power consumption vs NRF for different NL in the
fully-connected LAS-MIMO system architecture.

In Figure 2, a comparison for the power consumption at
different numbers of RF chains is provided for the different
fully-connected LAS-MIMO architectures, fully-connected
TA-MIMO architecture, and sub-connected TA-MIMO archi-
tecture when the total number of antennas is Nt = 64.
It is noticed that the fully-connected TA-MIMO architecture
has the worst performance in terms of power consumption
even with a high number of lenses in the LAS architectures.
The power consumption of the LAS architectures increases
with increasing the number of lenses due to the need for
more PSs in the system to connect and control the added
lenses. For example, an LAS architecture with 16 lenses con-
sumes around 16 W at NRF = 16 while the fully-connected
TA-MIMO architecture consumes around 34 W. At a low
number of RF chains, the LAS-MIMO architectures have
lower power consumption than the sub-connected TA-MIMO
architecture which makes it more applicable in a system with
a high sparsity level since small numbers of RF chains can
be only activated in the system if the channel is sparse as in
mmWave channels [34].

The power consumption for the sub-grouped LAS-MIMO
architecture versus NL is illustrated in Figure 3 at different
number of grouping. Given that the number of sub-group is
between 1 (the design becomes equal to a fully-connected
one) and NRF (the design becomes similar to sub-connected
design), it is noticed that as the number of sub-grouping
increases, the power consumption reduces even at high NL
lenses for both 4 and 8 RF chains. Note that the best perfor-
mance is obtained when the number of sub-grouping is equal
to the number of RF chains where each sub-group has only
one RF chain since decreasing the number of sub-grouping
converts the hybrid beamforming structure from sub-grouped
model to a fully-connected one.

Figure 4 shows the spectral efficiency comparison in
mmWave MIMO system, where the number of RF chains is
set to 4, Nt = 64, and Ng = NRF. Note that Ng is set to be
equal to the number of RF chains in the system to have a fair

FIGURE 3. Power consumption vs NL for different sub grouping at
NRF = 4 (dash lines) and NRF = 8 (solid lines) in the proposed
sub-grouped LAS-MIMO architecture.

FIGURE 4. Spectral efficiency vs SNR for NRF = 4 in the proposed
sub-grouped LAS-MIMO architecture.

comparison with the sub-connected TA-MIMO system. The
TA and TA sparse methods are referred to as fully-connected
models where each RF path is connected to all antenna
elements while LAS fully-connected method refers to our
proposed precoding method when Ng = 1. Means that
our proposed sub-grouped LAS design becomes equal to
conventional fully-connected LAS design as in [17]. In TA
sub-connected model, each RF path is connected to Nt/NRF
antenna elements only independently from other RF path con-
nections. Figure 4 shows that the proposed sub-grouped pre-
coder achieves a reasonable spectral efficiency performance
with less than 30% difference from the fully-connected
TA-MIMO model at 0 dB SNR with a much less power
consumption, and exceeds the sub-connected TA precoder’s
performance as the number of lenses in each sub-grouped and
the SNR level increase while achieving better energy effi-
ciency as shown in Figure 5. Note that increasing the number
of lenses within the sub group enhances the performance due
to better beam flexibility that the multiple lenses can provide
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FIGURE 5. Energy efficiency vs SNR for NRF = 4 in the proposed
sub-grouped LAS-MIMO architecture.

to steer the beam to the desired direction compared to single
lens structure.

Figure 5 shows the energy efficiency comparison against
the SNR levels for the same system design given in Figure 4.
It is observed that the proposed sub-grouped LAS-MIMO
system for all the cases can achieve higher energy efficiency
than the fully-connected and sub-connected TA MIMO sys-
tems. Higher energy efficiency for a given SNR is achieved
as the number of lenses decreases due to the decrease in the
number of PSs. This increase in energy efficiency can clearly
be observed at high SNR levels. From Figure 4, it is noticed
that a system of Lsub = 1 (one lens in each subgroup) has the
worst performance in terms of the spectral efficiency for a
given SNR, however, it has the lowest consumed power value
compared to other system designs which make it preferable
for the energy-efficient systems. It can be stated that the
energy efficiency and spectral efficiency trade-off depends on
the model design. If the priority is the spectral efficiency, the
number of lenses in the design is preferred to be high since
each lens has a smaller size and compact, and provides more
control on the beam compared to the Lsub = 1 case. On the
other hand, if the priority is energy efficiency, the number
of lenses is required to be less to get an energy-efficient
system design. Furthermore, if a scenario is required to have
a spectral and energy-efficient system, a joint optimization
problem should be formulated and solved, where the spectral
efficiency and energy efficiency metrics of the system should
be maximized to extract the optimum sub-grouping structure
in the proposed sub-grouped LAS-MIMO design.

Figure 6 compares the spectral efficiency vs SNR
for 8 RF chains in the LAS-MIMO systems. Again, it is
shown that the performance of the proposed sub-grouped
precoding algorithm is close to the traditional sub-connected
and fully-connected MIMO systems and can outperform the
sub-connected traditional MIMO system for a larger number
of lenses in the system at high SNR levels.

The energy efficiency performance vs transmitted power
Px is compared in Figure 7 considering the same

FIGURE 6. Spectral efficiency vs SNR for NRF = 8 in the proposed
sub-grouped LAS-MIMO architecture.

FIGURE 7. Energy efficiency vs transmitted power Px for NRF = 8 in the
proposed sub-grouped LAS-MIMO architecture.

assumptions given in Fig. 6. The figure shows that the
proposed sub-grouped LAS-MIMO system outperforms the
fully-connected and sub-connected traditional MIMO sys-
tems when the number of RF chains is set to 8. This result
confirms that the proposed system can be exploited even
with the higher number of RF chains. From Figure 7, it is
clear that the cases of subgroups consisting of Lsub = 1 or
Lsub = 2 lenses perform near-identical energy efficiency.
Comparing these NRF = 8 cases with the NRF = 4 cases of
Figure 5 shows that increasing number of RF chains causes
the energy efficiency of systems to becomemore independent
of the subgroup configuration. This is due to the fact that the
gain in spectral efficiency with increasingNRF is much higher
than the increase in power consumption. In the presented
NRF = 8 cases, Lsub = 2 clearly becomes a better choice
over Lsub = 1 by providing higher spectral efficiency with
near-identical energy efficiency. Although the energy effi-
ciency can be increased by increasing the transmitted power,
after a certain power level, the energy efficiency will decrease
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again to a level worse than traditionalMIMO systems in a uni-
modal function behavior. Therefore, an optimum transmitted
power level needs to be defined in each system design. It is
noticed from the figure that the optimum transmitted power
points of the proposed sub-grouped LAS designs are less
than in the conventional TA-MIMO design which makes our
design more appealing for the green cellular networks.

V. CONCLUSION
In this paper, we propose a sub-grouped LAS-MIMO archi-
tecture with low-complexity beam selection and associated
precoding based on the partial exhaustive search and SIC-
based algorithm. The proposed sub-grouped system was
introduced to improve the energy efficiency of a recently
presented fully-connected LAS-MIMO system. In the pro-
posed design, the LAS grouping can be selected to maxi-
mize the energy efficiency while achieving a useful sum-rate
performance with the proposed precoding method. In addi-
tion, the power consumption models for the fully-connected
and the proposed sub-grouped LAS-MIMO system are pre-
sented. Comparisons with fully- and sub-connected hybrid
TA-MIMO systems show that the proposed sub-grouped
LAS-MIMO architecture provides significant improvement
in energy efficiency while achieving spectral efficiency
approaching that of the traditional sub-connectedMIMO sys-
tem as the number of lenses in each sub-group increases. For
an optimal design of the sub-grouped LAS-MIMO system,
a trade-off between energy efficiency and spectral efficiency
should be considered. This is because when the number of
lenses in each subgroup increases, the spectral efficiency
increases to a sub-optimal solution, but a degradation in the
energy efficiency of the system is observed. Our future work
will focus onmodifying the proposed precoding algorithm for
a massive antenna array under imperfect channel estimation.
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