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Single Radio-over-Fiber Link and RF Chain-based
60GHz Multi-beam Transmission

Usman Habib, Student Member, IEEE, Matthias Steeg, Andreas Stéhr, Senior Member, IEEE
Nathan J. Gomes, Senior Member, IEEE

Abstract An efficient multi-user transmission scheme at 60 In this work, a low cost and low complexity technique for
GHz using a single-feed Leaky Wave Antenna (LWA) and hence multi-user transmissiors presented which makes use of a
requiring only a single Radio-over-Fiber link and single RF  Subcarrier Multiplexing (SCM) composite signal to carry
chain is presented. A Subcarrier Multiplexed (SCM) signal gata for multiple users and the beamsteering characteristics
car_rylng_the different users’ data is transported over 2.2km of of a frequency-selective Leaky-Wave-Antenna (LWA) to
optical fiber and then upconverted to the 60 GHz band for generate multiple beams. The use of Subcarrier Multiplexing

transmission to multiple spatially separated users through the . . . .
beam steering characteristics of the LWA. An overall sum data (SCM) [13]{17] with asingle RoF transport link can provide

rate, the combined rate from all users, of 16 Gb/s using 16- high system capacity and support for large numbers of users
QAM modulation serving 10 users over a transmission [18], [19]. The LWA is a steerable directive antenna which

bandwidth of 3.05GHz or 20 users with QPSK over 6.1 GHz operates in the 60GHz-bana( and requires only a single
span, is achieed experimentally. The theoretical sum data rates  feed input port. The LWA scans its beam angle with changing
for 6.1 GHz bandwidth for different numbers of users are RF, effectively converting different RFs in the SCM to
calculated, considering the SNR degradation due to the Spatial Division Multiple Access (SDMA). The proposed
aGrLg;ularly dtiJSpe[)se.d LXVAF.be‘TIm'ShOWi”g thj‘t data rr?tes_ ove80  anproach involves the advantages of Subcarrier Multiple
s can be obtained. Finally, a system design that improves .
coverage and spectrum efficiency through operating multiple ACCess .(SCMA)’ such as mdependence of gac_h channel to
LWAs with asingle RF chain is demonstrated. n’_nodulahon format and not needing synchronization betwe_en
different channels [21], as well as those of SDMA. A scenario
Index Terms—Radio-over-Fiber (RoF), Subcarrier Multiple ~ representing the simplicity of the proposed system in a dense
Access (SCMA) Spatial Division Multiple Access (SDMA), user environment is shown in Fig. 1, where N number of

Leaky Wave Antenna (LWA) subcarriers carrying Gb/s data rate future applicati@gp [
are transmitted to the intended users through multiple beams
[. INTRODUCTION usingasingle RoF link and single RF chain. Demonstration

F uture mobile networks are anticipated to have multiplef Serving one user per beam has been performed in this work,
60GHz Remote Antenna Units (RAUs) within a smalPut mqup!e users per beam could be served with techniques
area, as large numbers of users and devices are expectedfd! as Time Division Multiple Access (TDMA).

connect to the network [1], providing adequate coverage that [/ [User User| © © © T
is mainly limited by the high propagation loss at 60GHz. The | 1 || 2 . 4 N RoF
RAU design considerations should include low cost, low @
complexity anda capability to serve multiple spatially CENTRAL UNIT

distributed users. Multi-beam operation from the RAU will
requirea large number of RF chains, which can be reduced
using techniques such as optimized beam allocation [2] and
hybrid beamforming[3], but at the cost of increased
computational complexity. However, the hardware for multi-
user transmissionanstill require a considerable number of
RF chains (each having multiple, high-cost mmw
components). For such systems, use of an analog Radio-over-
fiber (RoF) fronthaul can provide several advantages such as =
low IO.SS transmission with ultra-high capacity [4] anq:ig. 1. Single RAU architecture with Array anteroréMultiple Antennas to
centralized access for the RAUs [B]}, and RoF-supported gere Multiple Users simultaneously

multi-user transmission has been demonstrated using_ . ) ] o

multiple transmit antennas at the RAU, each generating a!hiS paperis organized as follows: a description of the
single directional beam and serving a single user [8]-[10jWA and experimental setup for multi-user transmisson
Use of a single laser source in RoF transport for multiple de#iyen in Section 11, whiledemonstratiorof serving a large
channels can reduce the cost of operation as it does RgmMPer of users viasingle RF chain is described in Section
require optical filters at the RAU to separate wavelengths ai$t Section IV presents an experimental analysis of SNR

avoids issues related to wavelength drift of multiple lasélegradation of large bandwidth signal due to the L&A
sources [11], [12]. beamsteering characteristics amtheoretical calculation of
maximum data rate for a specific transmission bandwilth.

Manuscript received November 30, 2018. This work wasaitiepby the - qemonstration to improve coverage and spectrum efficiency
European Union’s Horizon2020Research and Innovation programme unc . . . . .
contract 643297 (RAPID). with mqltlple LWA_s is p_erformed in Section V. The
U. Habib and N. J. Gomes are with the Communication Res&@moup, Conclusion follows, in Section VI.
University of Kent, Canterbury UK (uh23@kent.ac.uk).
M. Steeg and A. Stohr are with the University of &huirg-Essen,
Duisburg, Germany.
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Il. MULTI-USERTRANSMISSIONIN 60GHz-BAND of the 12x1 and 20x1 LWAs was found to be 2.83GHz and

. . 2GHz, respectively, in reasonable agreement with the
A. Beamsteering through LWA Transmission simulation results.

Multi-user transmission is achieved through generation of
a composite SCM signal which allocates different user da 20x1 LWA Beam Pattern
to different subcarrier frequencies. The SCM signal i | 777 20k [9OA Famn Eennese
upconverted to the 60GHz-band and transmitted throught 2 | = = =12x1 LWAFreq Response
fabricated LWA which performs passive steering of differen _
carrier frequencies in different spatial directions. Thi
designed LWAs have 20GHz bandwidtfinom 50GHz to
70GHz, with a single feed [23Each consists of an array of
substrate integrated waveguide-fed half-wave microstri ©
antennas which are fabricated through a cost effective P(
process. The LWAs considered for this work are a 12x1 LW.
consisting ofL2 unit cells and a 20x1 LWA with an array of = = — =
20 unit cells. A 12x1 LWA supported by a brass bracket ar ‘ 7 Theta (*
V-type end launch connectassshown in Fig. 2In each unit 59.6 6125
cell of the substrate-integrated waveguide (SIW) base .. ) o
periodic LWA, a microstrip line is inset, which acts as thé'g' 3. Beam pattern versus angle relative to a fir@asmission angle and
radiating element. The array incorporates a frequencr)?quency fesponse for 12x1 and 20x1 LWAs
dependent phase difference in the wave as it propagabss System Setup

through the consecutive cells. Thus, each subcarrier in theFig. 4 shows the experimental system setup. Multiple user
SCM signal, upconverted to a different RF, is radiated atsignals are generated in MATLAB/Simulink at different
different beam angle and therefore transmitted in a differefiitermediate Frequencies (IFs) and added together to form a
spatial direction. The HFSS® simulation reswafshe 12x1 Composite SCM SignaL Each user Signa| emp|0ys OFDM
LWA radiation patterns for different central frequencies arghodulation with 512 IFFT size,92 data subcarriers, 112
shown in Fig. 2, showing that the LWA has a directional gaiguard subcarriers (zero padding) and 1/8 CP size. The OFDM
of 14.5dB (main lobe to first side lobe level) and provides &gnal is generated in Simulink using the standard blocks of
beamsteering of around 1.86° when the carrier frequenfiye Communications System Toolbox including random
changes by 1GHz. integer generator, QAM and OFDM modulator. An Arbitrary
Waveform generator (AWG, Tektronix 70001A) is used to
generate the composite analog waveform with different IFs,
which directly modulates a Distributed Feedback Laser
(DFB). After 2.2km SMF transport to the RAU, a photodiode
is used to recover the composite SCM signal which is
amplified by 17dB, passed through a differential balun and
Brass Bracket DC blocker (8.5dB loss) and upconverted to the 60GHz-band
using an integrated 60GHz transmitter (Gotmic gTSC0020).
The integrated transmitter uses an LO of 10GHz at 13dBm
which is internally multiplied for the upconversion. The
output signal is transmitted over 4m wireless distance using a
single-feed LWA to multiple users. A user unit consists of a
horn antenna with 22dBi gain. The received signal is amplified
SV by a 35dB gain, 60GHz-band amplifier and is downconverted
‘-\ ;\{/\‘\X/ using an integrated receiver (Gotmic gRSC0016). The IF
] vV signal is amplified and captured using a Digital Oscilloscope
: (Tektronix, DPO72304DX) for offline processing. The
2 = == = = = w Offine processing in  MATLAB includes carrier
Theta (%) synchronization and QAM demodulation for EVM analysis.

Fig. 2. Leaky Wave Antenna with 1.85mm End Launcimi@&etor HFSS® . . .
(top) Simulated Beam Pattern for 12x1 LWA for diffet V- band The LWA transmits mmw frequenmes h|gher than 60GHz

frequencies (bottom) towards the right-hand region of its broadside and vice versa
23]. The AWG (Tektronix 70001A) has only one output
hannel port fsm which only RF data can be generated (and
ot 1Q). The integrated transmitter produces a double sideband
upconverting the composite SCM signal, as explained in
previous work [24], and thua mirror image of the

sideband (with frequencies lower than 60GHz). The unfiltered
set of user-signals in the lower sideband (as neither a mmw
'P)%ndpass filter nor single-sideband mixer was available) will
be transmitted in the left-hand region of the LWA and upper
sideband in the right-hand region, respectively. Only
transmission and performance analysis of the upper-sidebands
has been presented in this work for simplicity. In real systems,

25

ain Pattern (d

63 64.75 66.4
Frequency (GHz)

V-type Connectors

=== 58.5GHz — 60GHz 61.5GHz — = 63GHz

7N

Directivity Gain (dBi)

As the number of cells increases for the LWA, th
beamwidth becomes narrower and gain per beam increa:
A comparison of the radiation pattern (and equivale
frequency response for a fixed transmission angle) of the o,
LWAs is shown in Fig. 3. Tik shows that the 20x1 LWA has
2dB greater directical gain per beam and narrower
beamwidth. The estimated 3dB bandwidth from the anten
patterns (shown in Fig. 3 for the two LWAS) is 2.91GHz fo
12x1 LWA and 1.8GHz for 20x1 LWA. The verification of
simulation results is performed by Sneasurements for the
two LWASs using a Vector Network Analyzer (VNA, Anritsu
37369c). The 3dB bandwidth from the measurgdeSponse
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MATLAB &7 — — LWA re==========7=¥=7=77=77+% 9
Baseband Generation (Aj\U{ m [TW\ .-:::;jl/;? | Horn |
of SCM Signals Y~ Be ;% | Antenna User N :
T T T - e e k- - - = = = = - - - ——
Horn |
N R B S e ¥
| —teb - 1l
| i [ | |
| Arbitrary | : : gTSC0020 | : All:lt(e?na User 1 Ik
|| Waveform | | pFg I 0 ﬂ D Dif ::®%>1 | 1> ® Iy
j| Generator [ |aser | Balun | [ gRSC0016 5 2|11,
I IF I 2.2km | I [ | 'D> = S| 28 e
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| LOw 10GHz 3 o
I ! I . I | 60GHz ‘ 8 o :_'
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Fig. 4 Experimental Setup using single RF chain for Multi-uE@msmission in 66Hz-band

upconverted mmW signals will be generatechdswer the [ll. TRANSMISSIONTO LARGE NUMBER OF USERS
undesired lower sideband can be removed and the left handr,4,smission ta@ large number of users can be achieved

region of the LWA can serve another set of users. within a specific transmission bandwidth by using serall

The response of the AWG rolls off with frequency and theser-signal spacings. To analyze the effect of user-signal
DFB laser (EMCORE 1933F) has an operational bandwidffequency spacing for the multi-user transmission, a
of 4.5GHz. These limitations affect the performance of usef9mposite SCM signal was generated for seven users, with
as the IF is increased. Also, as the AWG provides a maximii@me experimental parameters as used previously. The
-2dBm output power, this limits the maximum number of usdterformance of all seven users (A to G) for different signal
signals in the generated SCM signal. The limitations of tf@acings (guard band) is evaluated. Only results for the 20x1
setup affect the performance of users with high IF, which wilWA are shown in this section for simplicity, as it will always

be explained in the following sections. perform better than the 12x1 LWA due to the additional 2dB
. . o gain per beam. The EVM results for the seven users are
C. Demonstration of Multi-user Transmission shown in Fig. 6 As the user-signal spacing increases, the

The EVM results after simultaneous transmission to threnter IF for each signal increases, resulting in performance
users, each with 1.0Bb/s data rate (16-QAM, 305 MHz degradation due to the bandwidth limitations of the
bandwidth for each user) after wireless transmission of 4m,demponents Only three values of signal spacings have been
shown in Fig. 5. A sum data rate of 3.2 Gb/s (1.06Gb/s pased during the experiments for simplicity. The NbEz
user) is achieved in this case. All users obtain lowest EVM spacing provides lowest EVM overall, because the composite
the angle where their respective center frequency providsiginal occupies a reduced frequency span; this spacing is used
highest gain for the beam. The main limitatiarthe signal in the next set of experiments to determine the largest number
performance is the noise from the AWG, RF amplifiers andf users that can use a single RF chain. Spacings smaller than
oscilloscope. Other sources of EVM degradation includ80MHz weren’t used during the experiments because AWG
errors in  channel estimation and alignment olfimitations causes non-zero oafi-band suppressions for the
transmit/receive antennas. Higher QAM levels could be usgénerated signal. For EVM performance at the receiver as
if high SNRwas available from the signal generator. The usashown in Fig. 6, it can be seen that the EVM degstmvards
with lowest IF has better performance than the others dueuser G due to the increase in IF. Considering the limit of 15%
the bandwidth limitations of the AWG and RoF link. Largefor 16-QAM with conventional FEC2p], five user-signals
numbers of users can be served simultaneously by addimave been able to meet the specification, with the others not
subcarriers to the composite SCM signal, but how marpnforming due to the roll off in the performance of AWG
depends on the spacing (guard band) between SCM signaisg RoF link.
which will be discussed in the next section. A scenario wher=
multiple users may be present at the same angular locat 44 ; 22832‘2"“:"“
through the transmission of different subcarriers towards the | somz spacing
will be discussed in Section V. 14

D E F

—¥—User 1 (60.5GHz) ~£3-User 2 (61.75GHz) User 3 (63GHz) o 7|
145 ‘
" ‘
135 |
A B [
User

Fig. 6. EVM per user for entb-end transmission for different user spacings
using 20x1 LWA

EVM (%)
= >

©

The SNR of user signals generated from the AWG

Y s % = = & 3 & & & @ B decreases with the increase in number of signals.1B6or
User Locations (°) QAM modulation,a limited number of user signals can be
Fig. 5. EVM results for three users at different locati@in@6Gb/s per genefrate‘j by the AWG W'th adequate SNR to meet th? EVM
user is achieved using 16-QAM with symbol rate of 2BEB$mbols/s) requirement at the receiver. To ensureheaser’s EVM is
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under the 15% limit, transmission to ten users can lte available SNR, the sum rate also depends on the user-signal
performed by generating two sets of user-signals separatddgndwidth because of the beamsteering characteristics of the
each with five users, as shown in Fig 7. LWA as shown by the frequency response in Fig. 3. This will
be analyzed in the next section.

Remote
Antenna

22

AB CDEi{ iF GH I
5@@ Ml
; : 18|
0.5 19 2 d ~
GHz GHz GHz B3
s 16 |
>
w
- 14 |
Mobile
Unit 12| II
10
] ) o B 60.5 612 619 626 633 64 647 654 66.1 67.15
Fig. 7. Experimental Setup for Ten users Transmission sgigte LWA Transmission Frequency (GHz)

Fig. 8 shows the performance of each user (A to J) whefg. 9. EVM per user for twenty users (QPSK Modulat@@bMHz
the first user is placed at an IF of GBiz (upconverted to Pandwidth, 0.53 Gb/s per user)
60.5GHz) and last user at 3.65Hz (upconverted to
63.65GHz). Again, performance degrades with the increast/: SNRDEGRADATION FORLARGE BANDWIDTH SIGNAL
in IF due to the bandwidth limitations of the AWG and the AND THEORETICAL SUM RATE MAXIMIZATION
RoF link, but, for this particular case, the EVM for ten users As the maximum gain of a beam corresponds to the

satisfies the 15% limit for 16-QAM, and a sum data rate @jpecific frequency at the beam angle, the beam steering
10.6Gbfs is achieved. Whild,6-QAM has been used in the characteristics of the LWA will cause a power degradation at
experiments reported up to now, further increase in thge edges for wideband signals. This effect is analyzed by
number of users (using the same transmit power) will furth@k/ajuating the performance of individual subcarriers within a
reduce the SNR per user-signal. In that case, 4-QAM can jagge bandwidth OFDM signal transmitted by the LWAs. Fig.
used, for which the receiver EVM requirement is 22% [26].10 shows the received EVM after the transmission of a 4.88
GHz signal with 4-QAM modulation, centered atGHz.

The frequency dependeinsertion loss and return loss of the
V-band connectors and cables cauamplitude variations
across the frequency response in the modulated signal [27]
[28]. Variations in received signal were observed when
interacting with the equipment and effort was made to apply
appropriate connector torque, minimize the bending of cables
and to keep the system stable during the measurements. Fig.
10shows how the EVM fluctuations were smoothed out using

15

14

60.5

EVM (%)
P

-
)

-
=

-

60.85 612 6155 610 6225 626 6295 633 6365 a moving average filter in MATLAB, in order to observe a
Transmission Frequency (GHz) cleaer trend for the EVM performance of the OFDM
Fig. 8. EVM for Ten Users (A to J) with 305MHz (16-QAMgrimwidth subcarriers and to perform further analysis for SNR to

per user and sum data rate of6lGb/s calculate a 3dB bandwidth. The fluctuations were smoothed

Generation of an SCM signal for 10 users from the AW@®sing span (percentage number of input points to compute
70001A provides sufficient SNR for each user-signal after tfgach element of output vector) of 20% (0.2) and 40% (0.4).
downlink transmission from CU to the user end to meet EVNihe mean EVM for the two smoothed curves shows similar
requirements. Transmission to 20 users can be performedvgues.
serving two sets of 10 users, one at a time (as was done “¢ : ‘ ‘
the 16-QAM resullts in Fig.8). Fig. 9 shows the performanc | Mean EVM (Span 022206 i O
of 20 users with 4-QAM modulation. Ten users were 507, ~—Smoothing span 0.2
transmitted in the first set (IF from @31z to 3.685Hz) and :
another ten users in the next (IF from 4%z to 7.155Hz). &
The EVM for the 2 user after ende-end transmission is =30
21.5% still under the limit for 4-QAM. The sum data rate @
from the 20 users is 10Gb/s, but if the limitations of the
AWG and RoF components are ignored, each user coL
attain similar performance to that of the first user with 13%
EVM. In that case, _With 1(_5-QAM, a sum dat_a rate 0 B o e 2 =8 & B & i B o
21.2Gb/s could be achieved with 20 users, each with 305Mt Transmission Frequency (GHz)
bandwidth com_prlsmg a total transm|SS|9n bandwidth of 61;'19.10. EVM per subcarrier from transmission of 4880 MHDOFsignal
GHz. The effective data rate of 1@6/s using 30MHz USer  pefore and after the application of smoothing fuorcti
bandwidth providesa spectral efficiency of 3.4Bits/Hz . _
which is lower than thelsits/Hz for 16-QAM due to the null  Further analysis is performed by converting the EVM per
subcarriers and cyclic prefix for each user signal. MucfuPcarrier to SNR [29] for the 4.&Hz bandwidth signal
higher sum rate can be obtained using higher QAM levels, [@nsmission for the two LWAs, as shown in Fig. 11. The
higher SNR could be realized with the equipment. In additidnVM results obtained by usirgsmoothing span of 0.4 have

40/

20
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been considered here, as it provides less variations from teers can be plotted, as in Fig. 12. It can be seen that the sum
mean EVM as compared to 0.Erom Fig. 1] the 3dB data rate increases with the number of users, when the total
bandwidth for the 20x1 LWA and 12x1 LWA are estimatedransmit power is constant, approximately saturating when
as 1.92GHz and 3.085Hz respectively. The 20x1 LWA the user-signal bandwidth is small enough, GBIz in the
provides better performance for the middle subcarriers duedase of seven users, to cause insignificant SNR degradation
due to the LWA beamsteering effect. The sum rate then
saturates at 30.63b/s (spectral efficiency oftits/Hz). The

e 1 sum rate has also been plotted in Fig. 12 for the situation
where 3dB additional SNR is available from the user-signal

1.92GHz “‘* | generator, providing a maximum sum rate of 3Bés
3.05GHz ol

=20x1 LWAExp -~ 12x1 LWAExp =—-=12x1LWA Sim = -20x1 LWA Sim

N
=l

i 5-Sum Rate (1538 SNR) —¥-Sum Rate (18d8 SNR) - User Rate (1548 SNR) ~3-User Rate (1508 SNR)

30

W’s

SNR / Directivity (dB)

w
o

s%.se 61 6.5 62 625 63 635 64 645 65 6544
OFDM Subcarrier Frequency (GHz)
Fig. 11. SNR per subcarrier comparison of transmissid@80 MHz OFDM
signal (400 data subcarriers) for the two LWAs

Sum Rate (Gb/s)
nN
User Rate (Gb/s)

-

B ‘"f’i\%

having slightly higher gain. The SNR of subcarriers on th
edges experience high degradation for both LWAs, but th
degradation is sharper for the 20x1 LWA. The simulation
results for 20x1 LWA and 12x1 LWA frequency response (d:ég 12. Theoretical Maximum sum rate for different nembf users

shown in Fig. 3) are also plotted over the span of 4.88GHz (§pectral efficiency of Bits/Hz).Overall, the effect of LWA
show agreement with the experimental results. The analygisamsteering on high bandwidth signals is observed, with
performed on the SNR degradation due to the LWA beamaximum sum rate obtained when the user bandwidth is
pattern shows that as user signals centered at differgfgall enough to not toe affected by the LWAt can be seen
frequencies are directed in different directions, a widebanfat, even for the 20x1 LWA which haa narrower
user-signal will experience lower beam gain at its edgesandwidth, the saturatiarccurs at a number of users where
Specific signal bandwidths (such as 305MHz, 4880MHZach is still able to obtain reasonable multi-Gb/s data rates.
have been used during the experiments, corresponding to a

defined set of discrete baseband sampling rates supported gy |mPROVEMENT INCOVERAGEWITH MULTIPLE LWAS
the oscilloscope.

2 3

5 6
No of Users (N)

High permittivity laminates can enable large steering angle
To analyze the effect of LWA beamsteering on sum rat@r the LWA, hence enabling better coverage at the cost of
for a particular transmission bandwidth, the theoretical sugegradation in radiation efficiency [32]. While localization is
rate for different numbers of users can be calculated. Forgyuired to track mobile users, which is out of the scope of
fixed overall transmit power, the allocated power of each usgjis article, the presented LWAs have been applied for
decreases with the increase in number of users. Howeversjihultaneous localization of multiple users [33]. Thereby, a
the total transmission bandwidth is divided equally intpjgh spatial and angle accuracy has been demonstrated. The
smaller bandwidth signals, the power reduction is mitigategmp|e beam steering mechanism of the LWAs in principle
by the increased average channel gain (as the lower bandwigifgws for centralized steering and user tracking at the central
signals experience less degradation at their band edgegit via the modulated IF. As only a particular carrier
Consider a total transmission bandwidth @vided equally frequency is transmitted at a specific angular direction in the
among N number of users. The user bandwidthusaBd presented setup, this may lead to an inefficient usage of
received user SNR is SNRThe sum rat&scan be calculated spectrum,as there might be no users at certain directions

by summing the ratesyRrom all N users, given in terms of another design consideration is to increase the availability of

Shannon’s equation the network for particular angular locations (while using
N N single RF chainlpy operating multiple LWAs in parallel. For

RS:ZRJ :Z B, log, (1+ SNR)) (1) a LWA transmitting different frequency signals towards

U=l u=1 particular angular locations, a parallel operating LWA in

inverted position will provide a different set of frequencies
For a Br of 6.1GHz (as used in the experiments), dividedor the same user angle using overlapping beams. Due to the
equally among the usermnd considering a receiver SNR ofunavailability of a 60 GHz-band power splitter, ot
15dB as the maximum user SNR (equivalent to the EVMemonstrate the feasibility of this approach, the experiraent
achieved for the first user shown in Fig. 9), the degradatigerformed using two LWAs in series as shown in Fig. 13
in SNR for various bandwidth signals can be calculated bywo user signals centered at IFs of GHz and 4GHz,
using the simulation results for the 20x1 LWA gain patternpconverted to 58Hz and 62.%Hz (each having 304Hz
(shown in Fig. 3). The degradation in power for a specifibandwidth), are provided to the pair of LWAs.
frequency span causasorresponding decrease in SNR for
a user-signal SNR (for bandwidth B which is B-/N) [30],
[31]. Using (1) and the calculated Sikhat a user will have
with bandwidth B, the sum rate for different numbers of

The 12x1 LWA provides transmission to two different
angles for the two user signals. The composite signal then
travels through to the 20x1 LWA, which is used in inverted
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orientation to provide the transmission of the same twbut saturates when the user-signal bandwidth is small enough
signals at the opposite angular directions. Due to the redudedbe unaffected by the LWA. The spectrum efficiency is
power, transmission from the second LWA was achieved fanproved using multiple LWA operation by performing the
0.5m wireless distance, which could be improved wittransmission of different frequencies to similar angular
amplification. After adjusting the tilt of the second LWA, thedirections.
corresponding ares of the 62.%5Hz and 5GHz beam were

made similar to the 58Hz and 62.%Hz beams of the first

LWA, respectively, and data was captutesihg the two user This work has been supported by the European Union’s
locations in the left-hand and right-hand regions of thblorizon 2020 Research and Innovation programme under
transmission. The EVM for 59Hz and 62.%Hz centered contract 643297 (RAPID). The authors are grateful to Omer
signals after 4m of wireless transmission from the 12x1 LW/&heikh and Joe Langston at Tektronix for the loan of the AWG
was found to be 12.02% and 12.5%. The EVM performand@001A for the measurements on the wideband signals. The
after 0.5m transmission from the 20x1 LWA was 13.5% foauthors are also thankful to Prof. Stuart Walker of the
the 62.5GHz and 13.3% for th&9GHz user-signals, and University of Essex, UK, and Dr. Terence Quinlan for
within experimental inaccuracy, the corresponding anglégoviding the integrated transmitter and receiver circuit
were the same. This demonstrates a simple method fiards.
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