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Abstract—Massive multiple-input multiple-output (MIMO) is
considered a promising PHY scheme for future mobile commu-
nications systems. As it aims to serve many users simultaneously
via spatial multiplexing, a high number of antennas at the base
station is required. Since this leads to implementation issues in
terms of hardware and signal processing complexity, efforts to
increase the system performance for a given number of antennas
are worthwhile. In this contribution, we investigate the gain in
achievable downlink sum spectral efficiency (SE) of a massive
MIMO system due to increased array apertures. We compare
different antenna array configurations and precoder normaliza-
tion strategies for maximum ratio transmission precoding and
regularized zero forcing precoding. By quantifying the increase in
achievable SE that is obtained when increasing the inter-antenna
spacing of a linear array, we show that it hardly pays off to
increase the array aperture.

Index Terms—antenna array, large array, massive MIMO,
multi-user MIMO

I. INTRODUCTION

Massive multiple-input multiple-output (MIMO) is consid-
ered a key physical layer scheme to achieve enhanced data
rates in future mobile communications networks [1]. As a
multi-user MIMO scheme, it aims to serve many users on the
same time-frequency resources while reducing the amount of
fading due to the employment of a high number of antennas. In
order to achieve the promised spatial multiplexing gains, a key
aspect is achieving orthogonality of user channels. While it is
trivial to achieve low inter-user correlation (IUC) to spatially
separate users in a rich fading environment, narrow beams are
necessary to distinguish closely located users in a line of sight
(LOS) scenario. Although an array’s beam width decreases
when the number of antennas is increased, massive MIMO
systems with high numbers of antennas suffer from signal
processing and hardware complexity issues [2]. An alternative
way to enhance user separability is to increase the antenna
array aperture while keeping the number of antenna elements
constant. The increased aperture size is achieved by enlarging
the inter-antenna spacing. This strategy, however, does not
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(b) Sub-array antenna array configuration.

(c) Chebychev antenna array configuration from [16].

Fig. 1. Antenna array configurations. The total array aperture (length) and
the total number of antennas N are equal for all cases.

only lead to sharp beams, but also results in grating lobes (or
beamforming ambiguity) due to spatial under-sampling. A user
located at the direction of a grating lobe suffers from strong
interference, leading to a deteriorated sum spectral efficiency
(SE). Due to these two competing effects, it is not a priori
clear if or how beneficial an increased array aperture is for
massive MIMO system performance.

Many works consider the correlation of user channels in
multi-user MIMO systems, analytically as well as experimen-
tally [3]–[9]. Deployment of sub arrays for user separation is
considered in [3]. Selecting sub arrays from a large planar
array is investigated in [8] while base station antenna spacing
is considered in [10]. The impact of small antenna spacings on
massive MIMO performance is analyzed in [11]–[15]. Authors
of [11] show that there is a limited benefit in increasing the
number of antennas in a fixed space for the performance of
massive MIMO systems. The impact of antenna spacing and
non-equidistant antenna arrays for LOS massive MIMO is
investigated in [16]. Since for antenna spacings below 0.5λ,
λ denoting the wavelength, the effects of mutual coupling be-
come dominant and lead to deteriorated performance, see [17]
and [18], we do not consider smaller antenna spacings.

Contribution: We investigate the influence of antenna
array aperture size on the achievable sum SE in a massive
MIMO downlink LOS scenario. The assumption of pure LOS,
corresponding to free space propagation, renders our results
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Fig. 2. Geometry for IUC analysis for the case of two users.

representative for environments in which the LOS compo-
nent is dominant. By comparing three different linear array
configurations, we show the influence of the antenna array
pattern on the IUC and the achievable SE. We consider an
equidistantly spaced uniform linear array (ULA), an antenna
array configuration from [16] and the deployment of two sub-
arrays. We quantify improvements in sum SE via simulation
results for maximum ratio transmission (MRT) precoding and
regularized zero forcing (RZF) precoding with two different
power normalization methods.

II. ANTENNA ARRAY CONFIGURATIONS

In this section, we introduce three antenna array configura-
tions that will be employed for numerical simulations of the
achievable sum SE in Section III. We analyze their antenna
patterns in terms of IUC and discuss the implications on
massive MIMO system performance.

We consider linear antenna arrays with isotropic elements.
To analyze the IUC, we consider a setup with two users as
shown in Fig. 2. A linear array with N elements is located
at the origin and two users are at distance R. We assume N
to be an even number. Here, the first user is at an angle of
α1 while the second user is at an angle of α2 relative to the
array’s broadside direction. The angle ∆α = α1−α2 describes
the relative location of the two users to each other, while the
angle α = α1+α2

2 describes the users’ mean offset from the
broadside direction.

With a far field assumption and pure LOS propagation, the
channel vectors for the ULA as shown in Fig. 1a are given by

hULA
q =

(
e−i

N
2 kd sin(αq), . . . , ei

N
2 kd sin(αq)

)T

q∈{1, 2}, (1)

where d denotes the inter-antenna spacing and k = 2π/λ is the
wave vector’s magnitude.

To quantify the IUC, we consider the inner product of
the two channels h1 and h2. This quantity is commonly
employed as correlation measure of MIMO channels [6]–[8].
Inserting (1) and applying basic algebra, we obtain

ρ(∆α, α) =

∣∣hH
1 h2

∣∣2
‖h1‖22 ‖h2‖22

(2)

=
1

N2

sin2
(
Nkd sin(∆α

2 ) cos(α)
)

sin2
(
kd sin(∆α

2 ) cos(α)
) , (3)

which is the squared array factor of a ULA [19]. As a simple
measure of user separability, one may consider the first zero
of ρ(∆α, α) for the case α = 0 where user separability is
best. The first zero is located at

∆α∗ULA = 2 arcsin
( π

Nkd

)
. (4)

This shows that the property of user separability, which is
the ability to form narrow beams in a LOS environment,
indeed improves with an increasing number of antennas.
Furthermore, (4) demonstrates that the user separability is
not only dependent on the number of antennas, but actually
depends on the size or aperture Nd of the ULA.

This observation leads to the idea that the total array
aperture (or length), and not the number of elements alone, is
important to form narrow beams and separate closely spaced
users. Therefore, we introduce a sub-array configuration as
shown in Fig. 1b. The configuration consists of two ULAs
of N/2 elements with λ/2 spacing. These two sub-arrays are
separated by a gap of length LG. We choose the length of the
gap according to LG = LA−λ/2(N−2) such that the sub-array
configuration has the same total array length LA = (N−1)d as
the ULA configuration with antenna spacing d. Please note that
for d = λ/2, the introduced sub-array configuration collapses
to the ULA.

With the channel vectors for user q ∈ {1, 2}

hq =
(
e
−i

(
LG
2 +(N2 −1)λ2

)
k sin(αq), . . . , e−i

LG
2 k sin(αq), (5)

ei
LG
2 k sin(αq), . . . , e

i
(
LG
2 +(N2 −1)λ2

)
k sin(αq)

)T

,

following the same calculation steps as above, we obtain an
expression for the IUC for the sub-array as

ρ(∆α, α) =
4

N2

sin2
(
N
2 π sin(∆α

2 ) cos(α)
)

sin2
(
π sin(∆α
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) (6)
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)
.

In this case, the first zero for α = 0 is given by

∆α∗sub = 2 arcsin

(
π

2k
(
LG +

(
N
2 − 1

)
λ
2

)) . (7)

Comparing (4) and (7), it is straight forward to show that
∆α∗sub < ∆α∗ULA for d > λ/2.

A different approach is followed in [16]. There, authors
propose a non-uniform spaced linear array, where antenna
element spacings are obtained via Chebyshev polynomials.
This leads to an array configuration, where the element density
is increased towards the ends of the array and thinned in the
center of the array, as illustrated in Fig. 1c. Authors of [16]
show that this antenna placement is beneficial in terms of
achievable sum SE compared to an equidistant antenna spac-
ing. We refer to this array type as Chebychev configuration.

Simulation results for the IUC as defined in (2) for the
three introduced array configurations are shown in Fig. 3 for
a user distance of R = 60 m. Please note that these results
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Fig. 3. IUC for different array aperture sizes and antenna array configurations with N = 64 and user distance R = 60m.

are obtained via numerical simulation without the simplifying
assumption of planar wavefronts. Nevertheless, for the ULA
and the sub-array configuration, the results perfectly match
the analytic results obtained by (3) and (6). This verifies, as
already found by others [16] that spherical wavefronts only
improve separation of users with a largely different distance.
A comparison to the analytically obtained results are omitted
here to improve clarity of the given IUC result plot.

The width of the main beam decreases with increased array
length, see Fig. 3a. In the case of a regularly spaced ULA,
grating lobes occur for spacings d > 0.5λ due to the spatial
under-sampling, see Fig. 3b. Other than a side lobe, a grating
lobe is a maximum in the array pattern that is as strong as the
main lobe. With increased antenna spacing, the grating lobe
position gets closer relative to the main lobe.

In the case of the Chebychev configuration, grating lobes
are suppressed due to the non equidistant spacing of antennas.
From Fig. 3b we see that the interference power is spread out
in the Chebychev configuration compared to the grating lobes
in the ULA case.

The antenna spacing in the Chebychev configuration is not
uniform, resulting in a higher antenna density towards the
ends of the array, see Fig. 1c. Taking this idea further, the
sub-array configuration can be interpreted as an extreme case,
where antennas at the end of the array are spaced with an
inter-element distance of 0.5λ. There are no elements between
these two sub-arrays, resulting in a gap. This configuration
may also be interpreted as the result of an antenna selection
scheme from a ULA with more antennas [20], [21]. There
are no grating lobes are present between the broadside and
end fire direction for the sub-array configuration. However,
from Fig. 3a we observe side lobes close to the main beam.

Therefore, this antenna array leads to decreased IUC due to
the absence grating lobes. This advantage comes at the cost
of side lobes close to the main beam, which lead to increased
IUC for closely spaced users.

III. SIMULATION RESULTS

We consider a multi-user MIMO downlink system. The
vector of received signals for U users is given by

y = HHFx + w ∈ CU×1 , (8)

where x ∈ CU×1 is the vector of random transmit symbols,
F is the precoding matrix and w is additive white Gaussian
noise, that is, w ∼ CN

(
0, σ2

wIU
)
. We employ independent

transmit symbols of unit power, that is, E
{
xxH

}
= IU . The

channel matrix H is given by H = (h1, . . . ,hU ), where
column vectors are the channel vectors for each user as given
by (1). We consider an MRT precoder, given by

F̃MRT = H, (9)

as well as a RZF precoding strategy, given by

F̃RZF = H

(
HHH +

σ2
w

PT
IU

)−1

. (10)

Since the transmit symbols are of unit power, a sum power
constraint of the form E

{
‖Fx‖22

}
≤ PT leads to the require-

ment ‖F‖2F ≤ PT , where ‖·‖F denotes the Frobenius norm. In
this work, we consider two different ways of normalization to
achieve this power constraint. An overall normalization, which
is given by

F =
√
PT

F̃∥∥F̃∥∥
F

, (11)
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Fig. 4. Achievable downlink sum SE with N = 64 assuming perfect channel knowledge. The 95% confidence regions are indicated in gray.

as well as a per-user normalization, which is given by

fu =

√
PT
U

f̃u∥∥f̃u∥∥2

∀u ∈ {1, . . . , U} , (12)

where fu denotes the uth column of F and f̃u denotes the uth

column of F̃.
To obtain results for the achievable sum SE, we perform

numerical simulations in a massive MIMO LOS scenario.
We consider U = 20 users with a single antenna each at
a constant distance of R = 60 m and uniformly distributed
angles within a sector of (−60◦, 60◦). This limitation of
angular range relaxes the assumption of an isotropic antenna
element pattern. The employed isotropic antenna elements
correspond to a practical element pattern that is constant within
the angular range of a sector only. As there is no minimum
separation between users, they eventually have very similar
angular positions. In a practical deployment, this corresponds
to the case when users are located at the same angle but at
different distances. The number of antennas of the antenna
array is fixed to N = 64 and the array length LA is varied.
For our simulations we do not employ a far field assumption
but employ spherical wave fronts. The signal to interference
and noise ratio of user k is

SINRk =

∣∣[HHF
]
k,k

∣∣2∑U
j 6=k
j=1

∣∣[HHF
]
k,j

∣∣2 + σ2
w

, (13)

where [X]k,j denotes the entry from the kth row and the jth

column of matrix X. The achievable sum SE is obtained as

Rsum =

U∑
k=1

log2 (1 + SINRk) . (14)

For a typical massive MIMO downlink scenario, we choose
PT = σ2

w = 1. We perform 5 000 independent realizations,
that is, random draws of user positions, to obtain results for
the average system performance for MRT and RZF precoding.

Results for an overall precoder normalization according
to (11) are shown in Fig. 4a and results for a per-user
precoder normalization according to (12) are shown in Fig. 4b.
The three different introduced antenna array configurations
from Fig. 1 are compared.

For the case of overall precoder normalization with RZF
precoding, a gain in SE is obtained with increasing array
length. However, as described in Section II, there are two
competing effects affecting the IUC when increasing the
array aperture. The width of the main lobe is reduced when
increasing d which reduces the amount of IUC for closely
located users. At the same time, grating lobes appear within
the sector, which increases the IUC for well separated users.

The increase in achievable SE is monotonic for the Cheby-
chev configuration since it effectively suppresses grating lobes.
In the ULA case, the SE is also increased with larger d in
general, however, this gain is not monotonic. For a ULA, the
position of the nth grating lobe is given by sin(α1)−sin(α2) =
nλd with user angles α1 and α2, see [19]. Thereby, we find the
antenna spacing of a ULA d?n for which the nth grating lobes
start to fall into the sector, that is, the grating lobe position for
α1 = 60◦ and α2 = −60◦. We find d?1 ≈ 0.577λ, d?2 ≈ 1.155λ
and d?3 = 1.732λ. These array sizes or antenna spacings are
marked in Fig. 4. We observe a drop in SE for the ULA for
antenna spacings slightly higher then spacings at which grating
lobes appear within the sector due to the increase in IUC.

For the sub-array configuration, the gain in SE is even more
pronounced compared to the Chebychev case until LA ≈ 48λ.
In this region, there is less IUC in the sub-array case as there



are no grating lobes in this configuration. As there are side
lobes appearing next to the main lobe, there is no more gain
in SE with increased gap length as closely spaced users cannot
be separated anymore. This described gain for RZF precoding,
however, is not of any practical meaning, as it is outperformed
by the less complex MRT precoder and a ULA with a spacing
of d?1. There is an overall loss for all array configurations in
SE with increasing array length, since the MRT precoder does
not mitigate the IUC.

Considering the case of per-user precoder normalization
with RZF precoding, the gain in achievable SE is lower com-
pared to the overall precoder normalization. The achievable SE
is significantly impacted by situations, where users are placed
close to each other. In these cases, strong correlation between
user channels of two users impacts the total downlink SE via
the overall precoder normalization. As the precoder spends the
majority of power on the highly correlated users, there is less
transmit power left for users with good channel conditions.
Since two strongly correlated users have less impact on the
sum SE in the per-user normalization case, there is less SE
to gain by reducing the width of the main beam, that is, by
increasing the array length.

The most interesting observation is the ULA performance at
d?1. Increasing the array length from LA = (N−1)d?1 ≈ 36.4λ
to LA = 126λ increases the achievable SE from ≈ 32.5
bit/s/Hz in the ULA case to ≈ 33.6 bit/s/Hz in the Cheby-
chev case. This means that with the described simulation
parameters, an increase of array length by a factor of 3.5
and deployment of non-equidistant spacing leads to a gain of
≈ 3.4% in achievable sum SE with RZF precoding. A second
key observation is that the SE achieved with an ULA at d?1 and
MRT precoding is almost the same as with the more complex
RZF precoding.

IV. CONCLUSION

In this contribution, we analyze the impact of antenna array
size on the achievable sum SE in a LOS downlink massive
MIMO scenario. We compare three different antenna array
types with MRT and RZF precoding, for an overall and a
per-user power normalization. The presented results show
that the gain due to increased array aperture for an overall
precoder normalization with RZF precoding is of no practical
significance, as higher SEs are achieved with the less complex
MRT precoding at smaller array sizes. While an increase in
achievable SE is obtained by increasing the antenna distance
with a per-user normalization, the array size needs to be
increased by a factor of 3.5 for an increase in SE of 3.4%. As
the achieved SE for per-user precoder normalization at d?1 is
almost the same for RZF and MRT precoding, we conclude
that this spacing in combination with the less complex MRT
scheme is a good compromise.
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