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Abstract: The future fifth generation (5G) systems will aim to design low-cost phased array base station antenna systems at
mm-waves for simultaneous multiple beamforming with enhanced spatial multiplexing, limited interference, acceptable power
consumption, suitable processing complexity, and passive cooling. In this study, a multi-user space division multiple access
(SDMA) model is developed to investigate the trade-off between the quality of service (QoS), computational complexity in
beamforming and cooling requirements for various use cases, and a number of users. The QoS at the user ends is rated by
assessing the statistical signal-to-interference-plus-noise ratios (SINRs). Two beamforming algorithms, namely conjugate
beamforming (CB) and zero-forcing (ZF), are considered and compared. Depending on the deployment scenario, rotated and
optimised array layouts are proposed to be used in CB with the least computational complexity while providing relatively good
QoS. Different reduced-complexity ZF algorithms are introduced as a compromise between the SINR performance and
computational burden. The impact of the number of simultaneously served users on the thermal management in active
integrated 5G base station antenna arrays is investigated as well.

1 Introduction

The concept of space division multiple access (SDMA), which was
first introduced in [1] and has been used in space applications for
decades has recently regained attention with the development of
mm-wave fifth generation (5G) technologies having demanding
criteria on the channel capacity [2]. Using SDMA at the multi-
beam 5G base station (BS) antennas, the system capacity of the
communication network can be increased by re-using the same
time-frequency resource in several different (and preferably well
separated) beams. Furthermore, SDMA can be straightforwardly
combined with the well-established code division multiple access
technique to further enhance the capacity, especially for the users
that are too close to each other and cannot be resolved by the
antenna beam [3].

Multi-beam antenna synthesis and performance evaluation in
5G SDMA systems at mm-waves must combine different
disciplines, including but not limited to signal processing, front-
end circuitry design, channel propagation, and medium access
control (MAC) aspects (see Fig. 1). Although separate
comprehensive studies exist in each field (multiple beam antennas
[4], beamforming algorithms [5], propagation models [6] etc.), the
concept of inter-disciplinary work is relatively new in the antenna
engineering community. Traditionally, array design has been
performed based on satisfying the given criteria on the radiation
patterns [gain, side-lobe levels (SLLs), beamwidth etc.] as in [7-9].

signal processing  front-end circuitry
max. tolerable SLL  min. required gain aspects design aspects

Antenna Array
Design in 5G

Traditional Antenna
Array Design

VA

required HPBW  required scan range channel model MAC layer

& propagation aspects aspects
a b

Fig. 1 Design methodologies for antenna arrays
(a) Traditional approach,
(b) 5G perspective
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This study combines multiple disciplines in 5G SDMA by
addressing all the aspects mentioned in Fig. 15. A multi-user
system model with a meaningful link budget is formulated
considering line-of-sight (LoS) only propagation environments.
Two different application scenarios are investigated considering
either ground-only users or users/relays at different heights. An
interference-aware user scheduling algorithm is proposed, which
guarantees an almost-uniform power distribution across the array.
Being the most power and computation efficient beamforming
algorithm, conjugate beamforming (CB) is investigated with
different array topologies. The performance of CB is compared
with the complexity-reduced zero-forcing (ZF) algorithms that are
able to strongly reduce or cancel out the inter-user interferences.
Lastly, thermal simulations are performed to analyse the impact of
the number of simultaneous co-frequency users on the transceiver
chip temperature. A summary of the paper content with respect to
each complementary research domain is given in Table 1.

Using the system model developed, the trade-off between the
quality of service (QoS), computational cost, and complexity of
thermal management are investigated at the 5G multi-beam BS
antenna arrays. The statistical system QoS performance evaluation
is given in terms of the cumulative distribution function (CDF) of
signal-to-interference-plus-noise ratio (SINR), the computational
cost is given in terms of floating point operations per second
(FLOPS) and the cooling complexity is discussed via the
computation of the maximum chip junction temperature in the
array.

The major contributions of this study are listed as follows:

(C-i) A novel LoS SDMA system model that incorporates a 5G
mm-wave link budget is proposed.

(C-ii) A novel and generalised classification of the 5G use cases
(depending on the BS deployment scenario and user locations) is
performed.

(C-iii) From the antenna radiation pattern perspective, an original
and intuitive simultaneous, co-frequency user selection technique
in SDMA is proposed.

(C-iv) The BS array rotation effect on the statistical user SINRs is
investigated for the first time.
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Table 1 Paper content with respect to the research topics
Research topic Paper content
channel modelling and LoS SDMA system model and mm-wave

propagation link budget in different BS deployment
scenarios

front-end circuitry power-efficient array synthesis and chip

design cooling

MAC user selection and scheduling approaches

signal processing several beamforming algorithms with/

without complexity reduction

Table 2 Recent publications in 5G antenna system design
combining different disciplines

Complementary research domain Ref. #
signal processing and beamforming algorithms [10-14]
front-end circuitry design and efficiency [15-21]
MAC protocols [22-24]
channel modelling and propagation [25-30]

(C-v) The optimised BS array layouts' statistical system
performance is evaluated for the first time.

(C-vi) A novel reduced complexity ZF algorithm is introduced,
which is based on a reference interference-to-noise-ratio (INR)
threshold.

(C-vii) The relation between the complexity of thermal
management and the number of simultaneously served users is
investigated for the first time.

(C-viii) The pairwise trade-off between the QoS, computational
burden and cooling complexity in 5G BS arrays is analysed for the
first time, with wuseful insights and system design
recommendations.

2 Related work

Some of the recent publications that combine antenna array
synthesis with complementary research domains are provided in
Table 2. Among the listed study areas, signal processing aspects
consist of the study on linear, non-linear, narrowband, wideband,
switched or adaptive beamforming algorithms. In this field, it is
desired to achieve low computational complexity and high
processing speed [10]. Some related works include the effect of
total antenna number and radio frequency chains on the
performance of code book-based or ZF-based beamforming [11-
13] and combination of adaptive beamforming techniques with an
antenna selection procedure [14].

Front-end circuitry design aspects are related to the power
output and efficiency of the transceiver chips, heat dissipation, and
cost. It is important to keep the amplifiers operating at the same,
efficient working point [31] and ensure sufficient cooling of the
beamforming chips at the integrated antennas [15]. In the past few
years, several hybrid beamforming antenna array architectures
have been proposed [16-18]. Power efficiency has been optimised
using space-tapered arrays [19, 20]. Thermal problems due to the
high heat dissipation of mm-wave chips have been eased by using
fully-passive central processing unit (CPU) cooler heatsinks in
combination with array topology optimisation [15] and highly
conductive substrates [21].

MAC layer aspects cover the design of the medium access
periods and rules when setting up an efficient link between the BS
and users. It is essential to apply smart user selection and
scheduling algorithms [22]. Some recent antenna-related works in
this domain include the investigation of the effect of antenna
beamwidth on the time spent for aligning the transmit and receive
beams and the effect of small angle mismatches [23, 24].

Lastly, channel modelling and propagation aspects deal with
deciding on the propagation parameters depending on the particular
environment. When designing the BS antennas, the application
scenario and BS antenna mounting location should be taken into
account, together with a meaningful link-budget [32]. Some recent
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works on joint channel modelling and antenna synthesis include
optimisation of array layouts depending on the statistical user
throughput [25, 26], compact representation of propagation
channels [27], investigation of a number of simultaneous BS
antenna beams [28, 29] and user distributions and inter-user
spacings [30].

To the best of the authors' knowledge, there is no prior work
that jointly considers all the above-mentioned complementary
research domains simultaneously. The presented study, on the other
hand, combines different disciplines as previously stated in Table 1
and aims to highlight some of the system design trade-offs that will
be faced when designing a complete 5G antenna array system.

The rest of the paper is organised as follows. Section 3
describes the system model. The use cases are presented in Section
4. The comparisons of QoS and computational complexity are
given in Section 5 for different array topologies and beamforming
techniques. The thermal simulation results are presented in Section
6 with a critical discussion on the challenge of array cooling.
Section 7 concludes the paper.

3 System model

We consider an isolated cell sector in which a BS with M antenna
elements is serving K single, omnidirectional antenna users in pure
LoS simultaneously in the same narrow frequency sub-band using
SDMA. It is noteworthy that the BS will potentially serve K’, K"
etc. users in the other sub-bands at the same time. However, in this
study, we focus on the system simulations only in a single sub-
band to analyse the SDMA performance in a single time-frequency
resource block. Let ¢ contain the symbols intended for the users
(E{|g:[’} = 1), p contain user signal-to-noise ratios (SNRs), n
consists of the unit-variance additive white Gaussian noise at each
user and y be the received signal vector, such that
{g.p.n,y} € T
The precoded signal vector x € C"*' is simply given by

x=Wq (M

CMXK

where W € is the precoding matrix satisfying

M
3 Wil =1 for Vk e {1,....K} )
m=1

Furthermore, the received signal vector y can be computed by
y=p-Hx)+n 3)

where H € C**M  denotes the downlink channel matrix with
E{|Hin['} = 1 whose entries are formulated as [33]

. e il
Hk,m = ﬁk.me(rkm) (4)
|rk - rml

where G,,(F1,,) is the far-field function of the mth BS antenna
element in the direction ry, towards the kth user. f,, is the
normalisation constant.

Consequently, the SINR of the transmission from the BS array
to the kth user is given by

Prex| He W[

SINR, = ,
z;{#kpk,j|Hk.:W;,j| +1

®)

where py ; is the SNR at the kth user while serving the jth user,
which is given by

4

pr(dB) = P,(dBm) — 20log,,[f] - 201og,0[7”] ©
—20log o[ |rk — 1|1 + Gu(Fin)(dB) — Nyy(dBm)
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where f is the carrier frequency, Ny, is the thermal noise power,
and P; is the average adaptive transmit power to the jth user with
equalised SNRs, which is calculated by

(duser.;)  cos( min (B.))
cos(byc, ;)

P;=P, (7

ax 2
max (dyser)

where d ., is a vector containing the distances between the users

and the BS and 6, € CX*' contains the scan angles towards the
users.

Regarding the precoding algorithms, two commonly applied
techniques, CB and ZF, are studied for which the precoding matrix
W is given by

H' forCB

W=\w@mmy" forzr ®)
where + denotes the Hermitian transpose.
Table 3 List of sector simulation parameters
Parameter definition Symbol Value
centre frequency, GHz fe 28
number of antennas at the BS M 64
maximum cell range, m Fmax 200
angular width of a sector in azimuth (deg.) Dgeor 60
directivity of each antenna element at Tx, dB Dy el 8
directivity of each user antenna at Rx, dB D, 0
maximum average transmit power per user, dBm P 26
bandwidth, MHz BW 100
thermal power spectral density, dBm/Hz PSD -170
noise figure, dB NF 10
thermal noise, dBm Na —-80
dissipated heat per chip per user, W Pyiss 0.5
number of random user location realisations Ngm 10,000

Fig. 2 Coordinate system: conventional spherical coordinates and user
elevation and azimuth angles

sin(0)sin(¢)
A
A
UEH -
UE3
i T

sin(6)c;os(¢)

Fig. 3 Visualisation of the interference-aware user selection (L represents
the length of the antenna array)
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With an integrated link budget, Section 3 describes the LoS
SDMA system model (C-i).

4 Use case scenarios

In this section, a generalised classification of the 5G mm-wave
deployment scenarios is performed (C-ii). We consider two
different use cases depending on the BS position and accordingly,
the user locations (i.e. ground-only users and users/relays at
different heights) with the common simulation parameters listed in
Table 3. It is noteworthy that the two use cases investigated here
represent the possible 5G mm-wave deployment scenarios that are
currently discussed [34]. The ground-only user case mimics the
scenario where the BS will be on a tower at a certain height, which
does not require a large amount of vertical scanning range. The use
case with users/relays at different heights, on the other hand,
mimics the scenario where the BS is mounted lower to the ground,
which will require vertical scanning ability to deliver signals across
the buildings in elevation as well as to the users on the ground.

The coordinate system used in this study is shown in Fig. 2. The
relation between the conventional spherical coordinate angles and
the user elevation/azimuth angles is also provided in (9)

x = Rsin(@)cos(¢p), y = Rsin(f)sin(¢h), z = Rcos(6),
@,, = arctan(x/z) = arctan(tan(d)cos(¢)),

@, = arctan(y/z) = arctan(tan(0)sin(¢)), )
¢ = arctan(tan(g)/tan(g,)),

0 = arctan(y/tan(¢,,)’ + tan(g,,)’) .

To ensure high gain at each user and avoid very high
interferences, we use an intuitive user selection algorithm (C-iii)
based on forbidding the users to be inside each others main beams
in the antenna uv-plane, which is visualised in Fig. 3.

Next, the two use cases with ground-only users and users/relays
at different heights are explained in more detail.

4.1 Ground users

In this case, the users are uniformly distributed on the ground in the
cell sector and it is assumed that the BS is located at a height of
10.5 m from the users. A sample distribution of locations for eight
users is given in Fig. 4. After repeating the random user
distribution for 10,000 times, a histogram of user elevation (¢|)
and azimuth (¢,,) angles is obtained, which is given in Fig. 5. It is
seen that very small elevation angles below horizon occur the most,
such that the number of occurrences starting from —3° at the cell
edge up to —7° covers nearly 60% of the total occurrences. This is
expected since most of the ground sector area can be covered by
scanning ¢, by a few degrees, which makes the use of 2D scanning
questionable for the ground-only users.

4.2 Users/relays at different heights

In this case, the sector is assumed to be formed by +15° in
elevation and +60° in azimuth (which is used as the 5G cell
definition in the current systems [35]) as shown in Fig. 6a. The
users' locations are randomly picked from uniformly distributed
points in the uv-plane using the interference-aware user selection
algorithm. Moreover, the distances from each user to the BS are
randomly picked from a scaled Beta distribution with a =5 and
p =11n a range of [0, 200 m] to mimic the realistic scenario with
higher probability for larger distances. The probability density
function (PDF) of the Beta distribution used in this section is given
in Fig. 7. Fig. 6 shows a sample selection of eight SDMA users in
this case. Similar to the ground-only users, a statistical distribution
of ¢, and ¢,, for 10,000 random realisations is provided in Fig. 8,
which shows more uniformity in the distribution of angles as
compared to Fig. 5.

Note that according to Fig. 8, |@.| can be larger than 15° (can

reach up to 30° with low probability) and |¢,,| can be slightly larger
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Fig. 4 A sample distribution of eight random ground users with
interference-aware selection in

(a) uv-plane,

(b) Cartesian coordinates
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Fig. 5 Statistical distribution of eight ground users with interference-
aware selection for 10,000 random realisations

(a) User elevation (),

(b) User azimuth (¢,,)

than 60° (up to 64°), which is observed around the corners of the
rectangular-shaped cell in the uv-plane.
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Fig. 6 A sample distribution of eight random users/relays at different
heights with interference-aware selection in

(a) uv-plane,
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Fig. 7 PDF of the Beta distribution with the design parameters a = 5 and
p =1, scaled in an interval of R = [0,200m]

5 Simulation results

In this section, we investigate the QoS performance and
computational complexities of the two beamforming techniques,
namely CB and ZF, in MATLAB for the two use cases while using
three different array topologies: the traditional, the 45° rotated, and
the optimised (space-tapered) one (see Fig. 9). The optimised array
is synthesised by using the convex element position perturbation
technique in [20] (see Section 5.2 for more information).

5.1 CB using rotated arrays in use case A

In Fig. 5, it is seen that most of the users are located next to each
other in the uv-plane at very small v values. In such a scenario,
using the traditional array frequently results in having the high side
lobes at the neighbouring users, as illustrated in Fig. 10a. However,
by simply rotating the array by 45°, it is possible to shift the side
lobes to the diagonal axis where, in most of the time, there are no
users (see Fig. 10b). This analysis provides an original and
intuitive approach to increase the statistical QoS via rotation of the
traditional arrays placed on a square grid (C-iv).
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1

o
o

v (sind sing)
v (sin@ sing)

-1 -0.5 0 05 1 ) -1 -05 0 05 1
u (sing cosg) u (siné cosg)
a

Fig. 10 Normalised radiation patterns in use case A while serving UE3 in
Fig. 4 with CB using

(a) Traditional array,

(b) Rotated array

The QoS comparison for the two layouts is given in Fig. 11 for
a different number of users in terms of CDF of SINR. In such
graphs, it is a common practice to define a horizontal line at a
certain CDF value that represents the percentage of occurrence
(e.g. a line at a CDF value of 0.05 represents 95% of the cases).
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Fig. 11 CDF of SINR in use case A using CB with the traditional and
rotated arrays
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(a) UES with the traditional array,

(b) UE3 with the rotated array,

(c¢) UE8 with the optimised array,

(d) UE3 with the optimised array

The intersection point of this horizontal line with the related curve
will give the minimum guaranteed SINR value for the chosen
percentage of the total occurrences.

From Fig. 11, by looking at the intersection points as described,
it is seen that the minimum guaranteed SINR becomes larger for
the rotated array as compared to the traditional array when the pre-
defined percentage of the total occurrences is < 97, 83 and 66% for
K = 4,6 and 8, respectively.

5.2 CB using space-tapered arrays in use case B

In Fig. 8, it is seen that in comparison with case A, the users are
more uniformly distributed within the cell sector. In this case, it is
expected that the optimised array layout with minimised SLL for a
beam scanned towards any direction inside the cell sector (which is
obtained using the convex element position perturbation technique
in [20], an extension of the method in [19] to planar arrays) will
statistically perform better than the traditional and rotated arrays.
Therefore, in this section, we evaluate the statistical QoS
performance of an optimised antenna layout (C-v), with minimum
SLL for a pre-defined cell sector having 30°. and 120° angular
width in elevation and azimuth, respectively.

The motivation for such a study is visualised in Fig. 12, where
sample cases are shown supporting the reduced inter-user
interference of the optimised array. As seen in Fig. 13, for the
sector defined by +15° in elevation and +60° in azimuth, the max.
SLL is reduced to —22 dB for the optimised array (note that it is
around —13 dB for the traditional array, which is seen before the
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Fig. 16 Computational complexity in reduced-complexity ZF (based on
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realisation of the random user distribution
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Fig. 17 Reduced complexity ZF based on different INR threshold values
() in use case B using the optimised array

first position perturbation, at iteration number 0 in Fig. 13). The
CB results in this case, given in Fig. 14, shows that in 95% of the
total occurrences, the minimum SINR is 4.9, 4.7 and 4.6 dB larger
in the optimised array for K = 4, 6 and 8, respectively, as compared
to the array with the traditional layout and 3.9, 3.6 and 3.4dB
larger for K = 4,6 and 8, respectively, as compared the 45° rotated
array.

5.3 ZF-ideal versus reduced complexity in use case B

ZF is superior to CB in terms of QoS since it can cancel out the
interferences. However, the computational complexity of ZF is
much larger than CB. Therefore, two different reduced complexity
ZF algorithms are investigated here in use case B for the optimised
array. Firstly, only the strongest N, interferers are cancelled for
each user as done in [10]. According to [10], the number of FLOPS
in this case (#F zg) of ZF (for N, > 0) is given by

#F ;5 = KQANM® 4+ 48NZM + 54N. + 6M) (10)

On the other hand, for CB (with no zeros), the number of
FLOPS (#% ¢p) is equal to

#Fcp = K(14M — 2) (11)

SINR results for a different number of zeros per user (N.) are
given in Fig. 15. The number of FLOPS corresponding to different
N, and number of user (K) combinations is plotted in Fig. 16. It is
seen that CB can provide a three-order of magnitude reduction in
FLOPS as compared to the ideal ZF, but it has 8.8, 10.6 and 11.9
dB less minimum guaranteed SINR in 95% of the total occurrences
for K = 4,6, and 8, respectively. Therefore, reduced complexity ZF
algorithm with a pre-defined N. (depending on the SINR
requirements) can provide a good compromise between the QoS
and computational complexity (C-viii).

Secondly, instead of cancelling a constant number of interferers
for each user, an adaptive cancellation scheme is proposed where
the interferers whose power is larger than a certain threshold 7
(with respect to the noise power) are cancelled out (C-vi and C-
viii). The statistical SINR results in this approach for 7= + 3, 0
and —3 dB are given in Fig. 17.

6 Thermal aspects

In Table 3, the dissipated heat per chip per user is given as 0.5 W.
Assuming fully-digital beamforming with one transceiver chip per
antenna element and using the thermal modelling and design
parameters indicated in [15] with a passive CPU cooler heat sink
having a heat transfer coefficient of 3000 W/m’ K, we performed
the thermal simulations in CST MWS for K =4,6, and 8
simultaneous, co-frequency users, leading to 2, 3 and 4 W
dissipated heat per chip, respectively. The chip junction
temperature results for the optimised array layout are given here in
Fig. 18, which shows that the maximum temperature in the array
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Fig. 18 Maximum chip junction temperature in the passively cooled
optimised array for
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increases from 85°C to 150°C when K is increased from 4 to 8.
This clearly indicates the necessity to use more complex active
cooling strategies (with fans or water pumps) for a large number of
simultaneous users (C-vii).

7 Conclusion

Multiple complementary 5G research domains (interference-aware
antenna layout synthesis, efficient front-end circuitry design, low-
cost cooling, low-complexity signal processing, and MAC) are
simultaneously addressed for the first time with the aim of
evaluating the overall system performance of the mm-wave 5G BS
antenna systems.

A multi-user SDMA model has been presented to investigate
the trade-off between QoS, computational complexity, and cooling
requirements for various use cases and a number of users with
different beamforming algorithms and array layouts. A smart user
selection method is used to ensure high gains at the intended user
ends with a limited interference towards the other users and
uniform-like power distribution across the array.

In the case of ground-only users, it has been seen that most of
the users are located in the first few degrees in elevation below the
horizon and simple rotation of the array can significantly increase
the QoS with CB. For users/relays at different heights, on the other
hand, optimised array layouts have been suggested to be used with
CB due to their low average SLLs inside the cell sector.

ZF precoding has been observed to provide the best QoS
(ideally with zero interference), but with the most computational
complexity (three-order of magnitude larger than CB). Therefore,
reduced complexity ZF algorithms (with up to an order of
magnitude less complexity than the ideal ZF) have been proposed
that are based on cancelling only a certain number of interferers for
each user instead of all. It has been seen that such algorithms
perform better than CB in terms of the statistical SINR even with
the cancellation of only the strongest interferer, which exhibits a
good compromise between the computational burden and QoS.

Furthermore, it has been shown that an increased number of
simultaneous users and consequently, increased heat dissipation in
the array raises the temperature above 100°C when using fully-
passive cooling. This result shows a thermal-based limitation in the
number of frequency re-use with a passively cooled system. To
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increase the number of simultaneous users above this limit, it is
necessary to have a complex and high-cost active cooling system
that requires energy and maintenance.
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