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ABSTRACT Fixed-beam, high-gain antenna systems can be used for a finer partitioning of the currently

used cell-sectoring. This partitioning has the benefit of reducing the number of users seen per antenna

beam, which reduces interference. Furthermore, the high antenna gain allows for a high effective isotropic

radiated power while keeping the transmit power low. In this paper, we study the performance of such a fixed-

beam, high gain antenna system design for millimeter-wave mobile communications. The antenna system is

designed to keep the inter-sector interference in a multi-site scenario low. The performance is analyzed for

single- and multi-user environments. In single-input single-output mode, the 50th percentile of the signal-to-

interference-plus-noise ratio lies between 12.5 dB to 39.7 dB if 3 to 0 interferers are present, respectively. For

multiple-input multiple-output transmission using zero-forcing, the signal-to-interference-plus-noise ratio

increases and the 50th percentile ranges from 36.1 dB to 43.3 dB if 3 to 0 interferes are present, respectively.

By using maximum ratio transmission, the best performance is achieved with no interferers present, while

a plunge in performance is observed with interferers. Furthermore, the study revealed that the narrow beam

antenna system can also provide a clear signal separation for small spatial separations. In the given example,

the signal-to-interference-plus-noise ratio is larger than 32.1 dB with 11 active antenna elements, where

2.8 meters separate the users. Hence, the paper shows that the cell-partitioning antenna systems provide

coverage in the desired area while keeping the inter-sector interference low, and the considered transmission

techniques can be used for situation optimized mobile communication links.

INDEX TERMS 5G mobile communication, base stations, antenna array, aperture antennas, MIMO, SISO.

I. INTRODUCTION

For the fifth-generation (5G) of telecommunications, it was

predicted in [1] that there are about 220 million 5G subscrip-

tions by the end of 2020. By the end of 2026, this number will

rise up to 3.5 billion. Hence, interference becomes more and

more significant and needs to be addressed for future mobile

communication systems. One possible implication can be the

move from larger mobile communications cells to smaller

The associate editor coordinating the review of this manuscript and

approving it for publication was Masood Ur-Rehman .

cells. Smaller cells have multiple benefits due to the shorter

distance between base stations (BSs) and user equipments

(UEs), like smartphone devices. For instance, propagation

loss becomes less limiting, and a lower number of UEs has

to be served per BS. However, smaller cell sizes come along

with a higher number of sites, e.g. cellular radio towers, that

are needed in an area, which will increase the network’s

deployment cost significantly.

One way to overcome the need for more sites is to partition

mobile communication cell-sectors in smaller regions. The

partitioning can be seen as an extension of the currently
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used 60◦ and 120◦ sectors (cell-sectoring). While low-gain

antennas are used for near regions, high-gain antennas are

used to partition regions in far distances. Therefore, with the

same number of sites, much smaller regions can be defined

and covered.

Due to the distinction of near and far regions, and antennas

with different antenna gains, it is possible to communicate to

UEs at any distance while keeping the transmit power low.

That is possible because a high effective isotropic radiated

power (EIRP) is, to a large extent, achieved by the antenna

gain. Therefore, multiple research groups are developing

multi-beam, high-gain antenna systems. The highest flex-

ibility has the full digital massive multiple-input-multiple-

output (MIMO) approach [2] that utilizes a large number

of antenna elements, where each element is connected to a

radio-frequency (RF) chain to allow full control. However,

such a system suffers currently from hardware cost and its

power consumption. These problems are mitigated by the

hybridmassiveMIMO approach [3], where phased controlled

sub-arrays are introduced to lower the number of RF chains

without sacrificing much of its flexibility. Another approach

to reducing the hardware complexity is to introduce focusing

components such as lenses and reflectors. An example of such

a system is given in [4], where phased-array fed reflectors

are studied. Due to the use of a reflector, a lower number of

antenna elements is needed to achieve a certain antenna gain,

which comes at the cost of a limited field of view.

A general downside of high-gain antenna systems can be

the decreased beamwidth. In [5], it is shown that the reduced

beamwidth restricts the angular spread of the received signals,

which affects the channel covariance matrix’s eigenvalues,

resulting in a MIMO performance degradation. Therefore,

in [6] it was studied how the decrease of the beamwidth

influences the performance of fixed-beam antenna systems,

which uses high-gain antenna elements to partition a sector in

smaller areas. The outcome shows that the beam diversity, due

to cell-partitioning, lowers the correlation between the chan-

nels observed by each element. Hence, fixed-beam, high-gain

antenna systems benefit from low correlation and a high gain

per beam.

Driven by this outcome, we have designed a multi-lens-

horn (MLH) antenna system, displayed in Fig. 1, for a

fixed-beam scenario and tested it in this study. This lens-horn

antenna element approach benefits that each element provides

a highly directive beam without analog beamforming. Hence,

no complex feeding structure, phase shifters, or regular cal-

ibration is needed compared to the hybrid massive MIMO,

and phased-array fed reflector approaches. On the other hand,

the developed system has less degrees of freedom when it

comes to beam optimization, and it is bounded by the radi-

ation patterns and orientations of the single antenna elements

in the fixed-beam scenario. In particular, the reduced beam

overlap could lead to poor MIMO performance since fewer

elements can contribute to the overall pattern. Hence, this

paper shows the system performance in single-input single-

output (SISO) and MIMO mode.

FIGURE 1. Mounted MLH-antenna system with the dimensions of 82 cm,
76.5 cm, 38 cm (x, y, z). (a), (b) and (c) show the front, side and back
views, respectively.

The antenna under test is a high-gain dual-polarized

antenna system designed for a 60◦ unit sector using

16 antenna elements where each is fed with a low TX power

of 26 dBm. The system is analyzed in terms of achievable

signal-to-noise ratio (SNR) and signal-to-interference-plus-

noise ratio (SINR) for single and multi-user cases. This study

is performedwith different transmissionmodes, such as SISO

mode and MIMO mode using zero-forcing (ZF) and maxi-

mum ratio transmission (MRT). While for SISO mode, each

UE is served by a single beam, multiple elements are utilized

in ZF and MRT to optimize for low interference and high

signal strength, respectively.

In Section II, the system under test is summarized, and the

considered scenario is described. In Section III, the simu-

lation results for coverage, multi-site interference, SNR for

single-user, and SINR for multi-user cases are presented.

In Section IV the conclusion is drawn.

II. SYSTEM AND SCENARIO DESCRIPTION

This study evaluates the downlink performance of a cell

partitioning antenna system that is developed by the Eind-

hoven University of Technology. The antenna system consists

of 16 compact lens-horn antennas with total size of 82 cm,
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FIGURE 2. Constellation of the 19 sites scenario.

TABLE 1. Scenario parameters.

76.5 cm, 38 cm (x, y, z) shown in Fig. 1. For this study,

the simulation parameters shown in Table 1 are consid-

ered. In total, there are 19 sites with an inter-site dis-

tance (ISD) of 300 m, where each site has six sectors. Since

the MLH-antenna system is designed as a unit sector, six of

them can be used to provide 360◦ coverage. The location of

the different sites is shown in Fig. 2.

The performance evaluation of the MLH-antenna system

is studied by loading the radiation characteristics obtained by

full-wave simulations using CST Microwave Studio R© , into

a MATLAB system simulation. For the coverage analysis,

the radio channel generator QuaDRiGa [7] is used to obtain

information about a multi-site scenario in Section III-A. For

the performance analysis of the MLH-antenna system in a

single sector, an in-house developed toolbox for Matlab is

used. The developed Matlab implementation is based on a

high-level system model for a communications system that

includes a base station antenna (BSA) system, a free-space

propagation channel, and user equipment (UE) antennas. This

system model is explained in detail in this Section, and the

performance study results are given in Section III-B.

A. SYSTEM NETWORK MODEL

The system model in Fig. 3 represents the mobile communi-

cation system in downlink scenario. At the transmitter side,

FIGURE 3. System network model representation.

the mth base station antenna (BSA) is excited by a peak

voltage Vs,m with a matched port impedance (Zs) to both,

the characteristic impedance Z0,m and the antenna impedance,

where m = 1, 2, . . . ,M . While at the receiver side, an inci-

dent plane wave induces an open-circuit (Thevenin) voltage

VIr,k on the k
th UE antenna terminals, where k = 1, 2, . . . ,K .

Each UE has an isolated antenna impedance of Za,k that is

matched to both, the characteristic impedance Z0,k, and a

receiver load impedance of ZL,k (Za,k = Z0,k = ZL,k = 50�).

The block-matrix partitioned S-parameter equation for this

system is:
[

bT

bR

]

=
[

STT STR

SRT SRR

] [

aT

aR

]

(1)

where the incident power waves (aT and aR) and backward

power waves (bT and bR) are defined as in [10]. The sizes

of the above mentioned vectors and matrices in (1) can be

defined as follows: aT ∈ C
M×1, and aR ∈ C

K×1, while

bT ∈ C
M×1, and bR ∈ C

K×1. The BSAs inter-mutual cou-

pling and input reflection coefficients are modeled in STT ∈
C
M×M , while for the UEs it is modeled as SRR ∈ C

K×K .
Since λ ≃ 1 cm at 28 GHz, the mutual coupling between UEs

is ignored, and hence, SRR is a diagonal matrix that accounts

for the UE equivalent source models shown in Fig. 3. The

uplink channel matrix is modeled as STR ∈ C
M×K , while the

downlink channel matrix is modeled as SRT ∈ C
K×M .

From (1) the elements of the downlink channel matrix sRT
can be calculated as,

sRT = bR,k

aT,m

∣

∣

∣

∣

aR,k=0

= 1

2

(

√

ℜZa,k
)−1

VIr,k,m, (2)

where, aT is assumed to be 1[
√
Watt]. The received induced

voltage VIr,k,m for user k can be calculated as in [11, pp. 61]

using the antenna reciprocity theorem and the reaction con-

cept. Based on that, assuming an isotropic radiators at theUEs

each of which matches the incident plane wave polarization

vector, the elements of the channel matrix SRT can be written

as,

sRT,m,k = 1

2
√

Za,k

−2jλ

η0Iat,k
Gk,co(r̂)Gm,co(−r̂)

1

rk
e−jkrk , (3)

where rk is the distance between the BSA and the UE phase

reference points, λ is the free-space wavelength, and η0 is

the free-space wave impedance. Gm,co(−r̂) and Gk,co(r̂) are
the co-components of the transmit and receive antennas’ far-

field functions respectively. A far-field function G(r̂) can be

obtained from the radiated E-field Erad(r, θ, φ) through,

G(r̂) = Erad(r, θ, φ)rejkr . (4)
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FIGURE 4. Performance characterization workflow.

Finally, Iat,k is the peak current that is used to excite the UE

antenna yielding the UE far-field function Gk (r̂).

B. PERFORMANCE CHARACTERIZATION WORKFLOW

The performance characterization workflow comprises three

steps as shown in Fig. 4. In the first step, the embed-

ded element patterns (EEPs) of the lens-horns are obtained

using CST Microwave studio R©. The second step is

the post-processing, where the line-of-sight (LoS) chan-

nel is computed as in (3), then beamforming is done

to obtain the excitation weights. The excitation weights

W ∈ C
M×K are obtained by using either the MRT

beamformer,

W = S
H
RT, (5)

or using the ZF beamformer,

W = S
H
RT(SRTS

H
RT)

−1, (6)

where the H indicates the matrix Hermitian. The normalized

excitation weights vector for each user w̃k is obtained by,

w̃k =



































wk
√

max
m

(
K
∑

k ′=1

|Wm,k ′ |2)
∃m

( K
∑

k ′=1

∣

∣

∣

wm,k′
max(|wk′ |)

∣

∣

∣

2)

> 1

wk

max(|wk |)
O.W .

(7)

This way, the per-antenna power constraint is ensured

since the sum of weights from all active users on a single

element cannot exceed the value of 1. Finally, in the third step,

the SINR can be calculated as,

SINRk = |SRT,kw̃k |2 PTX
K
∑

j=1,j 6=k
|SRT,jw̃j|2PTX + N

(8)

where N is the receiver noise power and it can be calculated

by,

N = KTB, (9)

where B is the Rx bandwidth, K is the Boltzmann’s constant

and T is the ambient temperature (290 Kelvin).

III. INTERFERENCE AND COVERAGE ANALYSIS

A. MULTI-SITE SCENARIO COVERAGE

The MLH-antenna system is originally designed to provide

coverage within the desired sector while keeping the overlap

between beams and adjacent sectors low. Therefore, the cov-

erage lies above 95% of the defined sector for vertical and

horizontal polarization in the n257 band (26.5-29.5 GHz).

Now, it is studied how the MLH-antenna system performs

in a multi-site scenario with the constellation given in Fig. 2.

For good performance, it is expected that the inside of a

sector is served by the corresponding MLH-antenna system,

while the MLH-antenna system should have low interference

with adjacent sectors and sites. In Fig. 5, multiple UEs are

distributed over the entire multi-site scenario. For each UE,

the received signal strength is compared between every possi-

ble MLH-antenna system. Based on the signal strength, each

UE is assigned to the MLH-antenna system that provides the

strongest signal to the specific UE. This scheme is a common

way how UEs are assigned to a BS. Note that only the inner

seven sectors of the multi-site scenario are plotted for better

visibility, and a color-coding is used to visualize the assigned

sector. The plot shows clear sectors of triangular shapes due

to the MLH-antenna system characteristics together with the

applied free-space propagation model. There are only a few

outliers seen near the edges. These exceptions are reasonable

since, at the overlap of two ormore beams, each beam’s signal

strength is the same.

For better visualization, Fig, 6 shows a close up on sector

number one. Note that the color-coding is kept the same as

in Fig. 5. The zoomed-in plot reveals that the strongest signals

that originate from other sectors are sectors 2, 6, 10, 17,

and 39. While sectors 2 and 6 are adjacent, the others are

pointing towards sector 1. Particularly, sector 10 provides the

strongest signal near the edge. This impact is mainly due to

the spread of the beams, which is visible in Fig. 7 showing

a heat map of the achievable SNR. The plot shows clearly,

how the beamwidth and pointing direction are linked to the

SNR coverage. It is also possible to identify all 16 beams

clearly since there is only a small overlap between them.

Furthermore, we see that some spots show distinct lower

SNR values. This becomes significant near the BS, where

some other sectors provide a strong signal, shown in Fig. 6.

In general, such a problem can be optimized to a certain

extent by adjusting each antenna element’s pointing direction.

Another waywould be to assign different frequency spectra to

potential interferers as sectors 2, 6, 10, 17, and 39, eliminating

the inter-sector interference.

B. SINGLE- AND MULTI-USER PERFORMANCE STUDY

In the following, the beam orientation is kept the same, and

the system’s performance is analyzed for intra-sector inter-

ference for sector 1. Furthermore, a practical excitation limit

is set where the antenna elements with relative amplitude

weights below −15 dB are switched off. This is tested for

SISO and MIMO mode transmission.
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FIGURE 5. Serving sectors based on signal strength, displayed for the
seven inner sites showing 42 sectors.

FIGURE 6. Serving sectors based on signal strength, shown for single
sector.

1) SISO MODE

The heat map of the achievable SNR shown in Fig. 7 reveals

that the SNR can be expected to be between 30 dB and 45 dB

in SISOmode if a single UE is active at the same time instant.

However, due to the beam isolation, it is possible to serve

multiple UEs simultaneously without suffering much from

interference. The SISO mode performance is simulated for 0,

1, 2, and 3 interferer present, with the constraint that the inter-

ferer cannot be in the serving beam. The results of the study

is plotted in Fig. 8 and the 10th, 50th, and 90th percentiles are

listed in Table 2. In the case that there is only a single UE

present in the sector, the achieved SNR values lie as expected

between 29 and 45 dB. By introducing additional active

UEs in the sector, the SINR drops successively for every

added UE. The most significant change is visible around the

10th percentile, which are the cases where the served UE is

near the edge of its serving beam while an interferer is also

located near the edge region. However, in the more common

case, represented by the 50th percentile, the S(I)NR ranges

from 12.5 dB to 39.7 dB if 3 to 0 interferers are present,

FIGURE 7. Heat map plot of the achievable SNR for SISO mode
communications for a single-sector scenario.

FIGURE 8. CDF plot of the achievable S(I)NR for SISO mode
communications for a single-sector scenario if 0, 1, 2, and 3 interferers
are present.

respectively. Furthermore, the good beam isolation allows to

achieve 27.6 dB in the best case (90th percentile) if three

interferers are present.

2) MIMO MODE USING ZF AND MRT

So far, we have considered using each element of the

MLH-antenna system separately (SISO mode). However,

theMLH-antenna system can also be used as aMIMO system

since each of the 16 antennas can be controlled separately, and

the radiation beams slightly overlap. Hence, it is possible to

apply beamforming techniques as ZF and MRT. In Fig. 9 the

obtained statistics for the ZF and MRT are displayed for 1, 2,

and 3 interferers. In the case of MRT, also 0 interferers (MRT

SNR) are considered.

Comparing the MRT SNR to SISO SNR, higher SNR

values are expected if MRT is applied due to the utilization

of multiple antenna elements. It can be seen that this is true

in Table 2 by comparing the third and fourth column that

shows the obtained 10th, 50th, and 90th percentiles for the dif-

ferent numbers of interferers. At the 10th and 90th percentile,
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FIGURE 9. Obtained S(I)NR statistics applying ZF and MRT for 0, 1, 2, and
3 interferer present.

FIGURE 10. Zero forcing applied for two users with a 2.8 meter spacing,
where the blue line shows the radiation beam for user 1 and the red line
depicts the radiation pattern for user 2. The user locations with respect to
α in degree is indicated by a circle and diamond.

TABLE 2. SISO and MIMO performance shown for 10th, 50th, and 90th

percentiles for the considered transmission techniques.

the SNR is increased by 3.7 dB and 2.8 dB, respectively. The

most significant increase is seen at the borders where two or

more adjacent beams intersect. However, this advantage is not

given if there are multiple active UEs. This is because MRT

maximizes the transmit power to all active users while not

actively suppressing the interference. Hence, the use of MRT

causes more interference, and the SINR drops. Therefore,

FIGURE 11. Excitation values given in dB for (a) user 1 and (b) user 2 to
generate the radiation beams shown in Fig. 10. Each tile represents one
element and are in the constellation of the MLH system shown in Fig. 1.

with the increasing number of interferers, the SISO mode

performs better.

In contrast, ZF significantly outperforms SISO operation.

The ZF performs for 1, 2, and 3 interferers similarly to the

SISO mode without interference. For instance, with three

interferers present, the ZF still provides an SINR of 29.6 dB

to 40.3 dB, which is significantly higher compared to SISO

mode and MRT. Therefore, in the case of having multi-

ple interferers, the use of ZF is beneficial to the system

performance.

Finally, we have picked two examples from the complete

set of simulations performed to obtain the statistics. The

intention is to show how well the signals are separated and

how many antenna elements have to be active for two users

that are close together and far apart. The signal separation for

these two cases is of interest since the narrow beams have

only a slight overlap of the observed areas per beam. Hence,

the number of contributing antenna elements to the beam

is reduced, resulting in a likely worse signal separation for

closely spaced users.

127146 VOLUME 9, 2021
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FIGURE 12. Zero forcing applied for two UEs with a 30 meter spacing,
where the blue line shows the radiation beam of user 1 and the red line
depicts the radiation pattern of user 2. The user locations with respect to
α in degree is indicated by a circle and diamond.

For the closely placed users, we have selected two users

with a 2.8 meters spacing, where UE1 is at the location

(89.6 m; 103.7 m) and UE2 at (87.6 m; 105.7 m) given in

the form of (x ′; y′) in meters. In the second case, the users are

30meters apart, where UE1 is at the location (71.5m; 93.7m)

and UE2 at (69.5 m; 63.4 m). This part of the study is only

performed for ZF due to the low performance of MRT if

interferers are present.

The quality of the user separation is demonstrated, where

for each scenario, we use the far-field cut that passes through

the user locations on the far-field grid since the UEs are

located on different elevation scan angles. The principal

plane’s far-field cuts will not allow this demonstration.We get

such cuts as follows; first, the far-field grid in a spherical

coordinate system is converted to a True-view grid with

Azimuth and Elevation directions. The Azimuth and Eleva-

tion coordinates are obtained as in [12, pp. 364] to be,

Azimuth = −θ cosφ, (10)

Elevation = θ sinφ, (11)

and their directions are indicated in Fig. 1. Then, the UE

locations are determined in Azimuth and Elevation coordi-

nates knowing the user physical locations with respect to

the antenna coordinate system. Finally, the required cut is

extracted, and the label of the X -axis α in Fig. 10 and Fig. 12

is defined to be,

α =
√

Azimuth2 + Elevation2. (12)

In Fig. 10 the resulting radiation pattern is shown for the

two UEs with 2.8 meters spacing, and the exact position with

respect to the beam is marked in the graph. The blue line

depicts the radiation pattern for UE1 and the red line for UE2.

It can be seen that in this particular case, an SINR for UE1 is

41 dB, and for UE2, an SINR of 32.1 dB. Therefore, although

the two UEs are only separated by 2.8 meters, a good signal

separation is achieved. The excitation values are displayed

per antenna element in Fig. 11, where each tile represents

FIGURE 13. Excitation values given in dB for (a) user 1 and (b) user 2 to
generate the radiation beams shown in Fig. 12. Each tile represents one
element and are in the constellation of the MLH system shown in Fig. 1.

one antenna element with respect to the constellation of the

MLH-antenna system shown Fig. 1. We can see that the

beams are generated with 10 and 11 active elements for

UE1 and UE2, respectively. While 2 to 3 elements signifi-

cantly contribute, the other antenna elements still contribute

slightly to the beam shape.

In Fig. 12 the resulting radiation pattern is shown for

the two UEs that are separated by 30 meters. The blue line

depicts the radiation pattern for UE1 and the red line for

UE2. As expected, the ZF algorithm also provides for UEs

with a large spatial separation, a high SINR of 45.3 dB and

43.2 dB for UE1 and UE2, respectively. However, a signifi-

cant difference can be seen in the number of active elements

shown in Fig. 13. We see that the number of active elements

reduces, which is still enough to separate the two signals

clearly. In general, we have observed that the number of

active antenna elements depends on the UEs’ position with

respect to the interferers and the antenna beams. Hence, not

all antenna elements can contribute to the signal that a UE

receives. Still, a clear signal separation can be provided for
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closely spacedUEs, which demonstrated by this example, and

it is reflected in the high SINR of the 10th percentile that is

observed in statistics.

IV. CONCLUSION

We have shown the capabilities of a cell partitioning high-

gain multi-lens-horn antenna system that uses only 26 dBm

transmit power per antenna element. The performance is

analyzed in terms of coverage in a multi-site scenario and

the S(I)NR for ZF and MRT beamforming and SISO com-

munication. The low influence by adjacent sectors and sites

is achieved by an optimized antenna orientation of the

high-gain antenna beams. Furthermore, the MLH-antenna

system showed that depending on the number and position of

the interferers, SISO, ZF, and MRT mode can be beneficial.

MRTprovides the highest SNR, e.g. 45.2 dB (90th percentile),

but exhibits, in general, the worst performance in the presence

of interferers. With the presence of interferer, the use of ZF is

advantageous, e.g. with three interferers present, the achieved

SINR (90th percentile) is 16.3 dB and 12.7 dB higher com-

pared to MRT and SISO mode, respectively.

We can conclude that the MLH-antenna system can be

used in SISO and MIMO mode, where the highest SINR is

achieved with ZF. In either case, the highly-directional beams

provide signals with high signal strength while keeping the

TX power low.
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