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Abstract—A system-level study is conducted that evaluates the
performance of various sparse array topologies for application
in 5G base-stations. The performance metric is the probability a
user experiences an outage, when applying a Zero-Forcing pre-
coder in a Line-of-Sight scenario. The outage probability is shown
to significantly decrease for sparse irregular arrays as compared
to sparse regular and dense regular arrays. A re-configurable
sparse array design at 28.5GHz is realized as a demonstrator.

I. INTRODUCTION

With the upcoming 5G network, the highest data rates can
be achieved at millimeter-Wave (mmWave) frequencies. Be-
cause of the high path loss and attenuation at these frequencies,
a very high Effective Isotropic Radiated Power is required. To
achieve this, active antenna array systems with advanced signal
processing capabilities can be used. A common approach is to
apply a Zero Forcing (ZF) pre-coder to maximize the signal
levels towards multiple users simultaneously, while cancelling
the interference between them.

It is worth considering that maximizing the spacing between
the array antenna elements can enable the use of larger size an-
tennas having medium-gain characteristics while achieving the
desired wide-scan performance with fewer antenna elements
than in fully populated (dense) arrays. A particular challenge
of sparse arrays is to avoid radiating grating lobes within the
antenna Field-of-View (FoV). This can be done by employing
directive antenna elements with the reduced radiation beyond
the FoV, as has been demonstrated for multi-panel sparse base
stations, while having an additional advantage in terms of
enhanced sum-rate [1] and improved energy efficiency of array
transmitters [2]. The present paper complements this work
by studying Sparse Irregular Arrays (SIAs), where we focus
on demonstrating the outage probability reduction by using
such an architecture in comparison to Sparse Regular Arrays
(SRAs) and Dense Regular Arrays (DRAs). For that purpose, a
novel multi-mode horn antenna element, based on the concept
of Silver’s box-horn antenna, was developed. This antenna has
the size of 2.0λ × 1.8λ at 28.5GHz, a 11.5dBi gain, and is
capable of covering a 120◦ scan-angle sector for the vertical
polarization.

II. COMMUNICATION SYSTEM MODEL

To validate the performance of Base-Stations using sparse-
array concepts a system-level model has been defined in which

the simulated or measured antenna characteristics can be used.
For this purpose, we have used the following channel model:

The received signal vector y ∈ CK×1 is given by

y = αHWs + u (1)

where s ∈ CK×1 is the transmit vector, u ∈ CK×1 is the
received noise vector, H ∈ CK×N is the channel matrix and
W ∈ CN×K is the pre-coding matrix. α scales the power
radiated by the array. K is the number of users and N is
the number of antenna elements in the array. The elements of
H are the complex channel coefficients between each antenna
and each user. The ZF pre-coding matrix W is found using

W = H†(HH†)−1 (2)

where † is the hermitian transpose. By scaling W such that

W · α = W ·
√

Pmax

max
∑K

k=1 |wk|2
(3)

operation under a Per-Antenna Power Constraint (PAPC) is
ensured, where Pmax is the power limit. The interference at
user k, Ik, in case of ZF and perfect Channel State Infor-
mation, is always 0. This means the Carrier to Interference
and Noise Ratio (CINR) is equal to the Carrier to Noise ratio
(CNR). As such,

CINRk = CNRk =
|αHW(k, k)|2

N0B
. (4)

The simulation parameters used in this test are f =
28.5GHz, bandwidth B = 500MHz, Pmax = 10dBm, and
N0 = −174dBm/Hz. For typical equipment and channel
parameters it can be shown that the minimum CINR required
to achieve a data rate of 100Mbit/s is 3dB. The users are
randomly positioned inside a 120◦ sector at the 10-100m
distance range. The Urban Micro Street-Canyon Line-of-Sight
model [3] is used to find the path loss. The users are assumed
to be in the Base-Station horizontal plane.

With this, the CNR can be found for any N and any K ≤
N/2, for any array configuration and for any set of positions
of the K users inside the sector. The arrays under test can be
compared to each other by using a statistical approach. The
K = 2 users are distributed randomly in the sector 106 times,



Fig. 1. Picture of the array configured as an irregular array, mounted in the
anechoic chamber.

and the received CNR at each user is found for each case. The
probability that the CNR is lower than 3dB is considered an
outage, and we call this the outage probablity. It can be found
by using the Cumulative Distribution Function (CDF).

III. REALIZED DEMONSTRATOR

A re-configurable array is built using multi-mode horn
type elements that are 3D printed with aluminum. The re-
configurable array allows both regular and irregular con-
figurations to be tested. The SRA design has eight el-
ements and an inter-element spacing of 4.0λ. The SIA
design also has eight elements, and has an equal to-
tal size as the SRA. The element positions for the
array are [0, 26.3, 54.4, 81.6, 132.0, 169.6, 259.9, 294.7]mm,
centered on the ground plane. The third example is a DRA
with 0.5λ element spacing. This array cannot be configured
as the antenna elements would overlap. Therefore we assumed
the Embedded Element Patterns (EEPs) are the same as for the
SRA and mutual coupling effects are negligible.

The EEPs were measured for the SRA and SIA under the
50Ω loading condition. Figure 1 shows the measurement setup.
It is chosen to normalize the average measured gain between
θ = ±20◦ to the simulated antenna gain. For the SIA, this
gives the gain patterns in Figure 2. Knowing the gain patterns,
the CDF of the CNR can be found for each configuration.
The results are shown in Figure 3. For the SRA, the outage
probability is 3.9%, for the SIA it is only 0.6%. The DRA has
the highest outage probability at 4.5%.

IV. CONCLUSION

A system-level study relating system performance to dif-
ferent array topologies was conducted and tested using a
novel 28.5GHz sparse array demonstrator. By investigating
the probability that an outage occurs in a LoS scenario when
using a ZF pre-coder and randomly positioned users, it was
shown that irregular sparse arrays with a relatively small
number of antenna elements improve the system performance
by decreasing the outage probability with a significant margin.
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Fig. 2. Measured and simulated embedded element patterns at 28.5GHz when
the array is configured as an irregular array.
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Fig. 3. The CDF of the CNR as calculated using the measured embedded
element patterns.

These observations are complementary to the other recent
studies showing the advantage of sparse arrays for mmWave
Base-Station applications. It is worth mentioning, however,
that these observations might not be valid for other user
scenarios and pre-coder choice.
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