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ABSTRACT Switched-beam systems offer a promising solution for realizing multi-user communications at
millimeter wave (mmWave) frequencies. A low-complexity beam allocation (LBA) algorithm has been
proposed to solve the challenging problem of maximizing sum data-rates. However, there are practical
limitations in mmWave systems, such as restrictions in the number of available radio frequency (RF)
transceiver chains at the base station (BS), sensitivity to sidelobe interference and the beam generation
techniques. In this paper, using generalized beam-patterns, we present the maximum sum data-rates
achievable in switched-beam mmWave systems compared to fixed-beam systems by applying LBA. Then,
the impact on maximum sum data rates of actual beam-patterns, obtained from a practical mmWave lens
antenna, which have higher and non-uniform sidelobes compared to the theoretical beams, is assessed.
Finally, as a guide for practical wireless system design, benchmarks are established for relative sidelobe levels
that provide acceptable sum data-rate performance when considering generalized beam patterns.
INDEX TERMS Beamforming, beam-allocation, fixed-beam, millimeter wave, mobile communications.

I. INTRODUCTION

The demand for ever higher data-rates along with the scarcity
of spectrum in current cellular bands is leading to the adoption
of millimeter-wave (mmWave) bands in new generations of
cellular networks [1],[2]. The short mmWave wavelength,
combined with advances in analog integrated circuit design
and radio frequency (RF) semiconductor technology, has
enabled the realization of beamforming hardware in which
highly directive antenna arrays with small form factors are
integrated with compact RF transceiver modules [3],[4].
Beamforming is crucial for facilitating high data-rate
transmission at mmWave frequencies to overcome high
propagation loss [5],[6].
In multi-user mmWave systems, adaptive-beam and
switched-beam based beamforming have been investigated
[7],[8]. In adaptive beamforming, sophisticated codebookbased signal processing algorithms are utilized for generating
beamforming weights at the base station (BS), which are
continuously adjusted to simultaneously generate and steer
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several directional beams towards the respective mobile users
[9],[10]. However, such a strategy requires obtaining and
continual updating of the direction-of-arrival (DoA) of signals
from all mobile users, along with full channel state
information (CSI). Furthermore, the generation and update of
the beamforming codebook involves computationally
intensive matrix operations such as a pseudo-inverse [11]. [12]
proposes a codebook of beamforming vectors over an initial
beam alignment phase, followed by a learning phase where
each mobile user estimates the “top-𝑃” beams, and reports the
beam indices as well as the received signal-to-interference
plus noise ratios (SINR) to the BS. However, such an approach
can incur considerable feedback overhead between the mobile
users and the BS. In [13], a combination of generalized
eigenvector codebook and SINR based codeword selection
metric with limited feedback is shown to lead to improved
ergodic sum data-rates. However, this cannot be adopted into
switched beam based beamforming systems. This is because,
by contrast, switched-beam based beamforming systems have
1

to choose from one of several predefined directional spatial
beams within a cell in order to enhance the received SINR at
the mobile user [5]. The BS determines the beam that is best
aligned to the user signal’s DoA, and switches to that beam to
communicate with the user. The cell is sectorized by many
narrow beams with each beam serving an individual user or a
group of users. The spatially separated directional beams lead
not just to an increase in the possible reuse of frequency
channels by reducing potential inter-beam-interference, but
also to an increase in transmission range [14],[15]. A
particular limitation in switched-beam systems is the frequent
hand-offs when the user moves from the sector of one beam to
another, as the flexibility of continuous steering is not
provided [16]. Although codebook based beamforming
systems [11]–[13] have addressed the hand-off issue by beamtraining and beam-alignment, however, as indicated earlier,
they cannot be directly adopted into switched-beam systems.
Moreover, in mmWave systems, the beams have narrow
beamwidths, and together with a large number of predefined
beams, codebooks cause very high frequency hand-off having
a huge signaling overhead. Nevertheless, despite these
disadvantages, the switched-beam approach is economically
expedient, easy to deploy and maintain (than the completely
adaptive systems), thus simplifying practical hardware design.
In switched-beam scenarios where the number of possible
beams 𝑁 is much larger than the number of users 𝐾, the low
complexity beam allocation (LBA) algorithm, proposed in
[17], offers a low computational complexity beam-user search
approach to what could be a significant algorithmic problem
of maximizing sum data-rates [18]–[21]. For example, the
simplest greedy algorithm in [21] has a complexity of
𝑂(𝐾𝑁 2 ), which is too high when the number of beams is
large. By contrast, LBA algorithm attains nearly the same
sum-data rate as compared to an optimal brute-force search
based beam allocation, albeit with a much lower complexity
of 𝑂(𝐾 log 𝑁). In LBA, only those beams with the highest
user directivity, known as active beams, are selected for data
transmission, and then, to maximize sum data rate, only those
users which have the highest receive SINR are selected. The
remaining users are discarded and the unselected beams are
turned off, focusing transmit power only onto the selected
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beams/users, and reducing inter-beam interference through
having fewer beams. However, in [17], practical limitations,
including the number of available RF chains and higher and
non-uniform sidelobe levels, were not considered.
In this paper, after describing application scenarios for
switched-beam mmWave systems in Section II, we apply
LBA to a switched-beam mmWave system with a limited
number of RF chains. In Section III, we develop generalized,
theoretical beam patterns based on element fed arrays,
having an idealized main lobe with fixed beam gain and
angular resolution, along with exponentially decaying
sidelobes [22]. Using these theoretical beam patterns, we
show the performance benefit of switched-beam systems,
using the LBA, over comparable fixed-beam mmWave
systems, which are practically simple but constantly generate
fixed numbers of beams. Fixed-beam networks along with
beam selection has emerged as a popular technique in hybrid
analog-digital beamforming systems due to its simplicity
[23]–[26]. By applying this fixed-beam network in hybrid
analog-digital beamforming systems, a number of analog
beams are first selected (which produce a high array gain)
and a digital beamformer is then adopted based on the
selected analog beams [27]–[30]. The design of the digital
beamformer serves to attain certain objective functions such
as maximization of sum capacity, minimization of SINR,
optimization of energy efficiency etc. However, digital
beamformer design entails sparse mmWave channel
estimation along with (at least) partial channel feedback,
again incurring feedback and signaling overhead [27]–[30].
LBA avoids these whilst achieving near optimal sum datarates, subject to saturation due to inter-beam interference at
higher transmit powers. Subsequently, in Section IV, we use
measured beam patterns of a practical lens antenna system,
to show that improved performance can be obtained despite
high and non-uniform sidelobe levels. Finally, in Section V,
we determine the level of sidelobe interference that can be
tolerated before system performance is degraded to the level
of a fixed beam system, thereby providing guidance for
future antenna and wireless system designers. The paper is
concluded in Section VI.
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Application scenario showing ceiling mounted mmWave RAUs generating N beams communicating simultaneously with different mobile users.

The inter-RAU distance r depends on the angle of coverage θ and height h of the mmWave RAU.
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II. APPLICATION SCENARIO DESCRIPTION

TABLE I
VARIATION OF ANGLE OF COVERAGE 𝜃 AND INTER-RAU DISTANCE 𝑑 OF
MOBILE USERS WITH HEIGHT ℎ OF CEILING MOUNTED RAU.
mmWave RAU Ceiling Mount Height: ℎ = 5m
𝜃 = 15∘
𝜃 = 45∘
𝜃 = 120∘

𝑟 ≈ 1.4m
𝑟 ≈ 3.8m
𝑟 ≈ 10.6m

𝑑 ≈ 5m
𝑑 ≈ 5.4m
𝑑 ≈ 10m

mmWave RAU Ceiling Mount Height: ℎ = 10m
𝜃 = 15∘
𝜃 = 45∘
𝜃 = 120∘

𝑟 ≈ 2.6m
𝑟 ≈ 7.7m
𝑟 ≈ 17.3m

𝑑 ≈ 10m
𝑑 ≈ 10.8m
𝑑 ≈ 20m

mmWave RAU Ceiling Mount Height: ℎ = 20m
𝜃 = 15∘
𝜃 = 45∘
𝜃 = 120∘

𝑟 ≈ 5.2m
𝑟 ≈ 15.3m
𝑟 ≈ 36.6m

𝑑 ≈ 20.2m
𝑑 ≈ 21.6m
𝑑 ≈ 40m

This assumption of constant distance ℎ ≈ 𝑑 is applied later in
the paper.
In a switched-beam system, the angular coverage of each
beam is generally much less than the angular coverage of the
RAU. Moreover, coverage is generally non-contiguous as
only beams with users currently in their coverage would be
switched on. In the RAU, RF chains are needed for each beam
that is switched on. Thus, in a real system, the number of RF
chains present in a RAU limits the number of beams that can
be simultaneously switched on. By contrast, a fixed beam
system needs to provide complete angular coverage for the
RAU. For a fixed beam system with the same number of RF
chains as the switched beam system, the beams would be less
directional. In the extreme case, a single beam system employs
a much less directional beam, with much lower antenna gain,
but requires only one RF chain.
III. SERVING MULTIPLE USERS WITH LIMITED RF CHAINS

The switched-beam mmWave system in Fig. 1 shows remote
antenna units (RAUs) [31],[32], which might be mounted on
a ceiling, capable of generating beams in 𝑁 distinct directions.
Several ceiling mounted RAUs can be connected by optical
fiber, as indicated in Fig.1, and coordinated by a central BS
unit (not shown in the figure). Each beam is able to transmit
independent data-streams, and every RAU can serve multiple
mobile users simultaneously. Assuming that there are
generally no obstacles between RAUs and users, ceiling
mounted RAUs communicate with users by line-of-sight
(LoS) communication. In our paper, although application
scenario is restricted to LoS, it could be easily extended for
non-line-of-sight (NLoS) as well. An analysis of NLoS
transmission at mmWave would have to apply the modified
Saleh-Valenzuela (SV) channel with clustered ray multi-path
propagation as investigated in [27]. The AoDs would then
correspond to the dominant ray multi-path cluster of the
mmWave channel, not the initial beam AoD from the RAU.
Moreover, in a mmWave channel, it is the LoS path that is
dominant, and the NLoS paths are weak due to the high
propagation loss, scattering and blockage in mmWave
environments. Nevertheless, this work is generalizable for
NLoS cases also. The inter-RAU distance, denoted by 𝑟, is
the distance between two successive ceiling mounted RAUs
providing contiguous coverage. For the system to provide
geographical coverage, the inter-RAU distance will depend
on the height of the ceiling mount ℎ, here assumed to be the
minimum user-antenna distance, the overall coverage angle of
the beams denoted by 𝜃, and the maximum user-antenna
distance, denoted by 𝑑 in Fig. 1. The dependence of inter-RAU
distance 𝑟 on ℎ, 𝑑 and 𝜃 can be derived based on the simple
geometric relationships: tan(𝜃/2) = 𝑟/2ℎ, and cos(𝜃/2) =
ℎ/𝑑. Examples are provided in Table I. From Table I, it can
be observed that for narrower coverage angles 𝜃 and larger
ceiling mount heights ℎ, the maximum and minimum userRAU distances 𝑑 are similar to the ceiling mount height ℎ.

A downlink model of a switched-beam mmWave system is
considered. Denote 𝒦 as the set of users and 𝒩as the set of
available beams, where |𝒦| = 𝐾 and |𝒩| = 𝑁. It is assumed
that a limited number of RF chains can select a certain number
of beams from the set of 𝑁 available beams in order to serve
up to 𝑁𝑅𝐹 users. It is also assumed every RF chain is fed by
independent data-streams. Hence, 𝑁𝑅𝐹 ≤ 𝐾 ≤ 𝑁. Beamallocation and user-selection are decided by the two-step, low
complexity beam allocation (LBA) algorithm [17].
A. LOW-COMPLEXITY BEAM ALLOCATION (LBA)
ALGORITHM

The LBA algorithm consists of beam-user association and
user-selection.
Beam-user association: In the beam-user association step,
each user 𝑘 is associated with the beam 𝑛𝑘∗ which has the
largest directivity at the 𝑘-th user, given by
𝑛𝑘∗ = argmax 𝐷𝑛 (𝜃𝑘 ), for all 𝑘.

(1)

𝑛∈𝒩

where 𝐷𝑛 (𝜃𝑘 ) is the beam-directivity of the 𝑘-th user
associated with the 𝑛-th beam and located at 𝜃𝑘 .
User selection: Based on the assumption that a limited
number of RF chains, it is imperative to select users from the
set of associated users for each beam. The set of associated
users for beam 𝑛 is defined as
𝒦𝑛∗ = {𝑘|𝑛𝑘∗ = 𝑛, for all 𝑘}.

(2)

Let 𝒩𝑎∗ denote the set of all the associated beams. The user
selection step is then given by
𝑘 ∗ = argmax 𝐷𝑛 (𝜃𝑘 ), for all 𝑛 ∈ 𝒩𝑎∗ .
𝑘∈𝒦𝑛∗

(3)

In the user-selection step, only one user which has the
highest directivity is selected from the set of associated users
3

𝒩𝑛∗ for the 𝑛-th beam, where 𝑛 ∈ 𝒩𝑎∗ . This process is repeated
for every associated beam and results in the highest sum data
rate.
In [17], for the LBA algorithm, there was no limit to the
number of possible beams and there could be as many as
required according to the number of users. In this work, when
the further limitation of number of RF chains is added, a
selection is made of the best 𝑁𝑅𝐹 beams from the set of
associated beams 𝒩𝑎∗ obtained in the beam-user association
step of the LBA. After the beam-user association and userselection steps, any unallocated beams are turned off by
turning off the associated RF chains, and any unselected
users are discarded. Let 𝒩 ∗ be the final set of allocated
beams, and 𝒦 ∗ denote the set of served users, respectively.
Assuming that the total transmit power of the switched-beam
mmWave system is fixed at 𝑃 and is equally allocated among
active beams, the transmit power allocated to any active
beam 𝑛 is given by
𝑃
𝑃𝑛 = {𝑁 ∗ ,
0,

∗

𝑛∈𝒩 ,

(4)

𝑛 ∉ 𝒩 ∗.

Since the number of users that can be served is limited by
the number of RF chains, 𝐾 ∗ ≤ 𝑁𝑅𝐹 . The assumption of a
limited number of RF chains was made in order to obtain the
sum data-rate in a practical switched-beam mmWave system.
A single beam could serve multiple users through common
multiple access techniques, e.g., time division multiple access
(TDMA), orthogonal frequency division multiple access
(OFDMA), or, non-orthogonal multiple access (NOMA) [33].
The principle of NOMA can effectively double the number of
served users, keeping the number of RF chains constant. In
NOMA, each allocated beam 𝒩 ∗ and the associated RF chain
can serve two users instead of one. The two served users are
known as the strong-user and the weak-user, respectively.
Strong-user selection can proceed as explained in (3). Denote
this selected strong-user as 𝑘𝑠∗ . Having selected the strong
user, the selection of the weak-user pair can be given by
∗
𝑘𝑤
= argmin 𝐷𝑛 (𝜃𝑘 ), for all 𝑛 ∈ 𝒩𝑎∗ .
𝑘∈𝒦𝑛∗ \𝑘𝑠∗

SINR 𝑘,𝑛𝑘∗
=

𝑃𝑛 𝐷𝑛𝑘∗ (𝜃𝑘 )𝐿(𝜌𝑘 )

ℱ𝑘 + 𝜅𝜏𝐵 + Σ𝑙∈𝑁∗ ,𝑙≠𝑛𝑘∗ 𝑃𝑙 𝐷𝑙 (𝜃𝑘 )𝐿(𝜌𝑘 )
∈ 𝒦∗

, for all 𝑘 (6)

where ℱ𝑘 is the cascaded noise power of the mmWave
receiver components at the 𝑘-th user and 𝜅𝜏𝐵 is the thermal
noise power at the user for the mmWave downlink system.
𝐿(𝜌𝑘 ) = (4𝜋𝜌𝑘 𝑓𝑐 ⁄𝑐 )−2 is the LoS path loss, 𝑓𝑐 = 60GHz is
the mmWave operating frequency, 𝜌𝑘 =10m is the distance of
the 𝑘-th user from the antenna elements (RAU), and 𝑐 =
3 × 108 m/s is the velocity of electromagnetic radiation in
free space. The sum data-rate is given by
R 𝑠 = ∑ log 2 (1 + SINR 𝑘,𝑛𝑘∗ ).

(7)

𝑘∈𝒦 ∗

It is expected that in the high transmit power regime, interbeam interference, represented by the summation term in the
denominator of (6), will also be high, causing the sum datarates to saturate.
User Scheduling and SINR Constraints: In switched beam
systems, since the beams are predefined (as the set of
available beams 𝒩), the beam-user association step can be
accomplished simultaneously for the set of available beams
𝒩 within a single time-slot. User selection step can also be
accommodated within the same time-slot.
LBA already accounts for SINR constraints because, (i)
each user can only be associated with one beam (Equation
(1)), and, (ii) an associated beam only select one user
(Equation (3)). Although these constraints avoid severe
inter-beam interference and enhances the received SINR, the
scheduled/selected users will nonetheless experience

(5)

In the weak user selection step, only that user which has the
least directivity is selected from the set of associated users 𝒩𝑛∗
for the 𝑛-th beam, where 𝑛 ∈ 𝒩𝑎∗ . This is because the
selection of two served users per beam results in intra-beam
interference from the strong user 𝑘𝑠∗ , experienced by its weak∗
user pair 𝑘𝑤
. The LBA algorithm can be suitably modified to
apply the principle of NOMA. However, such an investigation
has been left for a future work.
Sum data-rate calculation: The SINR for the 𝑘-th user which
is served by the 𝑛𝑘∗ -th beam is given by

FIGURE 2.

An example switched-beam mmW system having up to 9

idealized beams in one plane and a set of 4 users in that plane, each user
represented by the “x”.
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interference from the beams that are allocated to other users,
because of which the sum data-rates saturate.
Sum Data-Rate and User Fairness: Since LBA maximizes
the sum-data rate, not all users can be simultaneously served.
The application of LBA to a practical switched-beam
mmWave system with limited number of RF chain hence
produces an upper bound for the sum-data rate performance
in such systems. To ensure fairness among users with
varying locations, individual data rate constraints for users
can be added into the sum data rate maximization problem,
which would be carefully investigated in our future work.

such a case. The switched-beam system is benchmarked
against a fixed-beam system, with two cases considered.
1)

Fixed-Beam: All Beams On

Here, the set of beams providing contiguous coverage are
always active, i.e. 𝑁 ∗ = 𝑁. The beams are equivalent to
sectors in a standard antenna system. A greedy algorithm can
be implemented, whereby for the set of 𝑁 beams and 𝐾 users,
beams are allocated to users greedily, based on the
achievable SINR, to maximize sum data rate. This can be
mathematically represented as
(𝑘 ∗ , 𝑛𝑘∗ ) = argmax SINR 𝑘,𝑛𝑘 .

B. SWITCHED-BEAM AND FIXED BEAM COVERAGE
2)

Gb/s

(a)

Gb/s

(8)

Fixed-Beam: Unallocated Beams Off

In this case, there is an additional step that if there are no
users in the coverage area of a beam, it is switched off and
the power is reallocated to other beams. The maximum sum
data-rate for the fixed-beam systems is then derived as
previously in (7). In reality, in both switched-beam and
fixed-beam systems, fairness, for example by sharing beams,
may be taken into account, but this would not give the
maximum sum data-rate.
To benchmark the switched-beam system with 𝑁𝑅𝐹 = 4
RF chains, the fixed-beam system is assumed to have 𝑁 = 4
beams over the same coverage range, hence requiring each
beam to have a beam width of ≈ 3.75∘ . A beam gain of 35dB
Gb/s

Gb/s

Fig. 2 illustrates an example switched-beam mmWave system,
in one plane of operation, where 𝑁 = 9 potential beams
provide a coverage of −7.5∘ ≤ 𝜃 ≤ 7.5∘ , meaning that each
beam has a coverage approximately equal to 1.6∘ . It is
assumed that there are 𝑁𝑅𝐹 = 4 RF chains, so up to 𝑁 ∗ = 4
beams out of the potential set of 𝑁 = 9 beams can be selected
by implementing LBA. Thus, the system (in this plane) can
provide coverage for up to 𝐾 = 4 users, assuming that a beam
is allocated to each user. If 2 users (out of the 𝐾 = 4) are
associated to the same beam, then in the user selection step of
LBA, only the user with the higher directivity, as defined in
(3) is selected, while the other is discarded. Hence, only 3
users are served in

𝑘∈𝒦,𝑛𝑘 ∈𝒩

Gb/s

(b)
Gb/s

(c)
FIGURE 3.

Estimated sum data-rates in b/s for switched-beam and the two adaptations of fixed-beam mmWave systems, for (a) K=6 (red), (b) K=4 (blue),

and (c) K=2 (black) as well as K=1 (green) user scenarios. There are N_RF=4 RF chains able to transmit independent data-streams through up to 4 active
beams. Center frequency f_c=60GHz, system bandwidth B=1GHz. The distance of the users from the antenna elements is 10m.
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C. SUM DATA-RATES WITH IDEALIZED BEAMS

In this subsection, the estimated sum data-rates of the
switched-beam and fixed-beam mmWave systems with
idealized beam patterns are compared for different cases.
The estimated sum data-rates vs. total system transmit
power for 10,000 realizations of uniformly distributed
mobile user locations are shown in Fig. 3 (a), (b), and (c), for
𝐾 = 6, 𝐾 = 4 and 𝐾 = 2 users, respectively, for a
bandwidth 𝐵 = 1GHz. Although both switched-beam and
fixed-beam systems have the same beam gain of 35dB, the
switched-beam achieves higher estimated sum-data rates.
This is because: (i) there are more potential beams for the
switched-beam system giving a higher likelihood that the
user is nearer a maximum gain angle of a beam, and, (ii) there
will generally be higher inter-beam interference in the fixedbeam system. Low transmit power data-rates are limited by
thermal noise, while the saturation at high powers is caused
by the inter-beam interference. When unallocated beams are
turned off, there is a small improvement in the average fixedbeam performance at lower transmit powers. This is because
there occurs an improvement in the received SINRs when the
unallocated beams are turned off. However at higher transmit

Focal Plane

Radiating
Elements Array

is assumed, as high as in the switched-beam system, as
technologically it is likely to be easier to manufacture high
gain fixed antennas [34]. As a further comparison, a system
with a single beam covering the angular range −7.5∘ ≤ 𝜃 ≤
7.5∘ can be considered. An antenna for such a system (when
a standard gain horn) is likely to have a gain of 22dB [35].

Unallocated

Focal Axis

Unallocated

Dielectric Lens
FIGURE 4.

Schematic diagram illustrating the concept of SIKLU lens

antenna.

powers, the inter-beam interference (which saturates the sum
data-rates) dominates over any improvement in the received
SINR (observed at lower transmit powers with unallocated
beams turned off). This results in similar saturated sum dataperformance in both the fixed-beam cases.
Comparing the cases for different number of users in the
coverage plane, it can be seen that the switched-beam case
shows increasingly enhanced performance for more users, as
the users that are allocated beams are more likely to be at
positions with high beam gain. On the other hand, as the
maximum sum data-rate is being calculated, the assumption

(a)

(c)
FIGURE 5.

(b)

(d)

Measured beam patterns from 𝟒 of the radiating elements in a SIKLU lens antenna, overlaid with 𝟒 idealized beams. (a) Overlay of SIKLU lens

antenna beam and idealized beam at 𝛉 = −𝟕. 𝟓∘ , (b) Overlay at at 𝛉 = −𝟏. 𝟐𝟓∘ , (c) at 𝛉 = 𝟎∘ , and (d) 𝛉 = +𝟕. 𝟓∘ .
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Gb/s

Gb/s

Gb/s

Gb/s

(b)

Gb/s

(a)
Gb/s

(c)
FIGURE 6. mmWave sum data-rates for SIKLU lens antenna switched-beam system: (a) 𝑲 = 𝟔 user scenario, (b) 𝑲 = 𝟒 user scenario, and, (c) 𝑲 = 𝟐
user case. Also shown for comparison are the idealized switched-beam and fixed-beam results as presented in Fig.3. The fixed-beam system
corresponds to the adaptation when all beams are active.

is that in all cases, there may be users who are not served,
increasingly so for larger numbers of users (an investigation
including fairness is left for future work).
Finally, Fig. 3(c) shows the sum data-rate when only a
single beam of 22dB gain provides coverage for the whole
angular range; as expected, much reduced sum data-rates at
reasonable power levels are observed. This system is not
limited by inter-beam interference, at least not by beams
from the same RAU.
IV. mmWAVE BEAM GENERATION WITH LENS ANTENNA

A research and development (R&D) prototype lens antenna
is considered as a practical example of a mmWave switchedbeam system [36]. Fig. 4 illustrates its principle of operation;
it is constituted by a convex dielectric lens and radiating
antenna elements arrayed on its focal plane. A switching
matrix would enable the selection of beams out of the total
number available, with a requirement for RF chains in order
to distribute different signals using the selected beams. The
number of beams available is defined by the number of
radiating elements. A lens antenna avoids phase shifting of
each radiating element as would be required by an array
antenna.
Fig. 5. shows overlaid measured beam patterns from 4
radiating elements in the SIKLU lens-antenna with 4 beams
from the switched-beam system model that were generated
in MATLAB for the results of Section III. Fig. 5(a) and Fig.

5(d) represent the extreme edges of coverage, where as Fig.
5(b) and Fig. 5(c) represent those nearer the center. It can be
observed that the beam angles are well aligned to each other,
and the mainlobe beam gain levels are closely matched.
However, the practical lens antenna produces generally
higher and non-uniform sidelobes. The high sidelobe
measurements in the lens antenna can attributed to: (i) any
unevenness in the density of the glass lens, (ii) surface
smoothness of the fabricated lens, (iii) any impedance
mismatch between the passive radiating elements array (Fig.
4) mounted on a printed circuit board (not shown in the
figure) and the respective RF chain, or, (iii) system
integration issues. Lastly, these measurements were
conducted on the very first R&D prototype, and
improvements can be expected in the later prototypes.
The simulations performed in Section III were repeated,
this time using the measured beam patterns. The results in Fig.
6. demonstrate the impact of the higher and non-uniform
sidelobes on the achievable sum data rates. As before, results
in Fig. 6(a), Fig. 6(b) and Fig. 6(c) are for the 𝐾 = 6, 𝐾 = 4
and 𝐾 = 2 user scenarios, respectively. It is observed that the
data-rate performance of the lens-antenna switched-beam
system (with the SIKLU lens-antenna beams) has reduced to
approximately that of the fixed-beam system. It should be
noted that the fixed-beam system is idealized, of course, and
practical antennas will exhibit at least some non-uniformity.
The higher sidelobes in the lens-antenna (Fig. 5) cause a
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general reduction in the saturated (interference-limited) sum
data-rate performance in the lens-antenna switched-beam
system as compared to the idealized switched-beam system
(Fig. 6). While the received signal power at the user is
proportional only to the directivity of the mainlobe of the
allocated beam (see SINR Equation (6)), high sidelobes add to
the received interference power at the user (not the received
signal power). Lower mainlobe gain in the lens-antenna
system are also a factor.
In [37], the Taylor-synthesis method was applied to 2x2
uniformly-fed subarrays of a 16x16 slot antenna array to
design an efficient amplitude tapering antenna-feed network,
which provided amplitude and phase control for selecting
specific sidelobe levels. A similar approach could be
incorporated into the design of future R&D prototypes of the
SIKLU lens-antenna array for attaining sidelobe reduction.
The effect of high sidelobe interference in the saturated sumdata rate performance is investigated in detail in the next
Section. Lastly, inter-beam interference becomes significant
for increased numbers of users as there will typically be more
beams switched on.

reduction in sum data-rates for a switched-beam system. In
this section, the reduction in sum data-rates in a switchedbeam system is calibrated against the sidelobe level for
idealized beam-patterns based on element-fed linear arrays,
which can be considered as a generalized discrete spatial
Fourier transform [38]. These result in exponentially decaying
sidelobes, as shown in Fig. 7(a).
The sidelobe level is defined as ratio of the first sidelobe to
mainlobe, as shown in Fig. 7(a). In this investigation, the
sidelobe level is decremented from -13.5dB to -9.5dB in steps
of 1dB for the total transmit power levels of 0dBm, 10dBm
and 30dBm. The sum data-rates are obtained for 𝐾 = 6, 𝐾 =
4 and 𝐾 = 2 users. The results are shown in Figs. 7(b)-(d). In
general, it can be observed that as the relative sidelobe level
increases, higher interference causes the sum data-rates of the
switched-beam system to fall, eventually to below that of the
fixed-beam systems, which are shown in Figs. 7(b)-(d) as
benchmarks for their respective user scenarios.
Fig. 7(b) shows that for a system with 0dBm total transmit
power, in order to provide improved performance, the sidelobe
level in a multi-user switched-beam mmWave system should
be lower than -10dB in the 𝐾 = 6 user case. For 𝐾 = 2 users,
the required sidelobe level reduces to -11dB. Fig. 7(c) shows
that for total transmit power of 10dBm, improved performance
is obtained for sidelobe levels lower than -9.5dB for 𝐾 = 6
users. It reduces to approximately -9.8dB and -10.5dB for 𝐾 =

V. SIDELOBE INTERFERENCE IMPACT ON SUM DATARATES

in Gb/s

In the previous section, it was observed that high sidelobe
interference in the SIKLU lens antenna beams resulted in a

Gb/s

(b)

(a)

Gb/s

in Gb/s

in Gb/s

Gb/s

(c)
FIGURE 7.

(d)

mmWave sum data-rates for varying sidelobe levels. (a) Beam pattern indicating exponentially decaying sidelobe levels. Different relative

sidelobe levels are simulated for fixed transmit powers, (b) Sum data-rates vs. change in relative sidelobe level for 0dBm total transmit power, (c) for 10dBm
total transmit power, and, (c) for 30dBm total transmit power.
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4 and 𝐾 = 2 users respectively. The results are similar in Fig.
7(d) for the total transmit power level of 30dBm, except for
𝐾 = 2 users for which the benchmark is at approximately 10.3dB.
In general, the sum data-rate for 𝐾 = 2 falls to the fixedbeam benchmark at lower sidelobe levels than for 𝐾 = 4 or
𝐾 = 6. This occurs because as the number of users decreases
when the number of possible beams remains the same, the
received power per user increases, improving the received
SINR. Hence, 𝐾 = 2 user is more robust to sidelobe
interference. Based on these observations, it can be inferred
that multi-user switched-beam mmWave systems are sensitive
to sidelobe interference. The results in Fig. 7 therefore provide
guidance to antenna system engineers for beam pattern
requirements in multi-user switched beam mmWave systems.
VI. CONCLUSIONS

In this paper, the maximum sum data-rate performance of a
multi-user switched-beam mmWave system with a limited
number of RF chains has been studied. The LBA has been
applied to both theoretical and practical beam patterns (the
latter for a lens-antenna) and benchmarked against an ideal
fixed-beam mmWave system. Simulation results show that the
switched-beam system outperforms the fixed-beam system in
mmWave systems. The sensitivity of switched-beam
performance to relative sidelobe level was investigated.
Guidance for the required sidelobe level suppression for
generalized antenna beam patterns has been given for systems
that will employ switched-beams.
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