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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 Stöhr, Senior Member, IEEE and
Nathan J. Gomes, Senior Member, IEEE
Abstract An efficient multi-user transmission scheme at 60
GHz using a single-feed Leaky Wave Antenna (LWA) and hence
requiring only a single Radio-over-Fiber link and single RF
chain is presented. A Subcarrier Multiplexed (SCM) signal
carrying the different users’ data is transported over 2.2km of
optical fiber and then upconverted to the 60 GHz band for
transmission to multiple spatially separated users through the
beam steering characteristics of the LWA. An overall sum data
rate, the combined rate from all users, of 10.6 Gb/s using 16QAM modulation serving 10 users over a transmission
bandwidth of 3.05 GHz or 20 users with QPSK over 6.1 GHz
span, is achieved experimentally. The theoretical sum data rates
for 6.1 GHz bandwidth for different numbers of users are
calculated, considering the SNR degradation due to the
angularly dispersed LWA beam, showing that data rates over 30
Gb/s can be obtained. Finally, a system design that improves
coverage and spectrum efficiency through operating multiple
LWAs with a single RF chain is demonstrated.
Index Terms—Radio-over-Fiber (RoF), Subcarrier Multiple
Access (SCMA), Spatial Division Multiple Access (SDMA),
Leaky Wave Antenna (LWA)

I. INTRODUCTION
uture mobile networks are anticipated to have multiple
F 60GHz
Remote Antenna Units (RAUs) within a small
area, as large numbers of users and devices are expected to
connect to the network [1], providing adequate coverage that
is mainly limited by the high propagation loss at 60GHz. The
RAU design considerations should include low cost, low
complexity and a capability to serve multiple spatially
distributed users. Multi-beam operation from the RAU will
require a 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 multiuser transmission can still require a considerable number of
RF chains (each having multiple, high-cost mmW
components). For such systems, use of an analog Radio-overfiber (RoF) fronthaul can provide several advantages such as
low loss transmission with ultra-high capacity [4] and
centralized access for the RAUs [5]-[7], and RoF-supported
multi-user transmission has been demonstrated using
multiple transmit antennas at the RAU, each generating a
single directional beam and serving a single user [8]-[10].
Use of a single laser source in RoF transport for multiple data
channels can reduce the cost of operation as it does not
require optical filters at the RAU to separate wavelengths and
avoids issues related to wavelength drift of multiple laser
sources [11], [12].
Manuscript received November 30, 2018. This work was supported by the
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contract 643297 (RAPID).
U. Habib and N. J. Gomes are with the Communication Research Group,
University of Kent, Canterbury UK (uh23@kent.ac.uk).
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In this work, a low cost and low complexity technique for
multi-user transmission is presented which makes use of a
Subcarrier Multiplexing (SCM) composite signal to carry
data for multiple users and the beamsteering characteristics
of a frequency-selective Leaky-Wave-Antenna (LWA) to
generate multiple beams. The use of Subcarrier Multiplexing
(SCM) [13]-[17] with a single RoF transport link can provide
high system capacity and support for large numbers of users
[18], [19]. The LWA is a steerable directive antenna which
operates in the 60GHz-band [20] and requires only a single
feed input port. The LWA scans its beam angle with changing
RF, effectively converting different RFs in the SCM to
Spatial Division Multiple Access (SDMA). The proposed
approach involves the advantages of Subcarrier Multiple
Access (SCMA), such as independence of each channel to
modulation format and not needing synchronization between
different channels [21], as well as those of SDMA. A scenario
representing the simplicity of the proposed system in a dense
user environment is shown in Fig. 1, where N number of
subcarriers carrying Gb/s data rate future applications [22]
are transmitted to the intended users through multiple beams
using a single RoF link and single RF chain. Demonstration
of serving one user per beam has been performed in this work,
but multiple users per beam could be served with techniques
such as Time Division Multiple Access (TDMA).
User
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Fig. 1. Single RAU architecture with Array antenna or Multiple Antennas to
serve Multiple Users simultaneously

This paper is organized as follows: a description of the
LWA and experimental setup for multi-user transmission is
given in Section II, while a demonstration of serving a large
number of users via a single RF chain is described in Section
III. Section IV presents an experimental analysis of SNR
degradation of a large bandwidth signal due to the LWA’s
beamsteering characteristics and a theoretical calculation of
maximum data rate for a specific transmission bandwidth. A
demonstration to improve coverage and spectrum efficiency
with multiple LWAs is performed in Section V. The
Conclusion follows, in Section VI.
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II. MULTI-USER TRANSMISSION IN 60GHZ-BAND
A. Beamsteering through LWA Transmission
Multi-user transmission is achieved through generation of
a composite SCM signal which allocates different user data
to different subcarrier frequencies. The SCM signal is
upconverted to the 60GHz-band and transmitted through the
fabricated LWA which performs passive steering of different
carrier frequencies in different spatial directions. The
designed LWAs have 20GHz bandwidth, from 50GHz to
70GHz, with a single feed [23]. Each consists of an array of
substrate integrated waveguide-fed half-wave microstrip
antennas which are fabricated through a cost effective PCB
process. The LWAs considered for this work are a 12x1 LWA
consisting of 12 unit cells and a 20x1 LWA with an array of
20 unit cells. A 12x1 LWA supported by a brass bracket and
V-type end launch connectors is shown in Fig. 2. In each unit
cell of the substrate-integrated waveguide (SIW) based
periodic LWA, a microstrip line is inset, which acts as the
radiating element. The array incorporates a frequency
dependent phase difference in the wave as it propagates
through the consecutive cells. Thus, each subcarrier in the
SCM signal, upconverted to a different RF, is radiated at a
different beam angle and therefore transmitted in a different
spatial direction. The HFSS® simulation results of the 12x1
LWA radiation patterns for different central frequencies are
shown in Fig. 2, showing that the LWA has a directional gain
of 14.5dB (main lobe to first side lobe level) and provides a
beamsteering of around 1.86° when the carrier frequency
changes by 1GHz.

Fig. 2. Leaky Wave Antenna with 1.85mm End Launch Connector HFSS®
(top) Simulated Beam Pattern for 12x1 LWA for different V- band
frequencies (bottom)

As the number of cells increases for the LWA, the
beamwidth becomes narrower and gain per beam increases.
A comparison of the radiation pattern (and equivalent
frequency response for a fixed transmission angle) of the two
LWAs is shown in Fig. 3. This shows that the 20x1 LWA has
2dB greater directional gain per beam and narrower
beamwidth. The estimated 3dB bandwidth from the antenna
patterns (shown in Fig. 3 for the two LWAs) is 2.91GHz for
12x1 LWA and 1.8GHz for 20x1 LWA. The verification of
simulation results is performed by S21 measurements for the
two LWAs using a Vector Network Analyzer (VNA, Anritsu
37369c). The 3dB bandwidth from the measured S21 response

2

of the 12x1 and 20x1 LWAs was found to be 2.83GHz and
2GHz, respectively, in reasonable agreement with the
simulation results.

Fig. 3. Beam pattern versus angle relative to a fixed transmission angle and
frequency response for 12x1 and 20x1 LWAs

B. System Setup
Fig. 4 shows the experimental system setup. Multiple user
signals are generated in MATLAB/Simulink at different
Intermediate Frequencies (IFs) and added together to form a
composite SCM signal. Each user signal employs OFDM
modulation with 512 IFFT size, 392 data subcarriers, 112
guard subcarriers (zero padding) and 1/8 CP size. The OFDM
signal is generated in Simulink using the standard blocks of
the Communications System Toolbox including random
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
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
by a 35dB gain, 60GHz-band amplifier and is downconverted
using an integrated receiver (Gotmic gRSC0016). The IF
signal is amplified and captured using a Digital Oscilloscope
(Tektronix, DPO72304DX) for offline processing. The
offline processing in MATLAB includes carrier
synchronization and QAM demodulation for EVM analysis.
The LWA transmits mmW frequencies higher than 60GHz
towards the right-hand region of its broadside and vice versa
[23]. The AWG (Tektronix 70001A) has only one output
channel port from which only RF data can be generated (and
not IQ). The integrated transmitter produces a double sideband
by upconverting the composite SCM signal, as explained in
our previous work [24], and thus a mirror image of the
sideband (with frequencies lower than 60GHz). The unfiltered
set of user-signals in the lower sideband (as neither a mmW
bandpass 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,
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Fig. 4. Experimental Setup using single RF chain for Multi-user Transmission in 60 GHz-band

upconverted mmW signals will be generated as a lower the
undesired lower sideband can be removed and the left hand
region of the LWA can serve another set of users.
The response of the AWG rolls off with frequency and the
DFB laser (EMCORE 1933F) has an operational bandwidth
of 4.5GHz. These limitations affect the performance of users
as the IF is increased. Also, as the AWG provides a maximum
-2dBm output power, this limits the maximum number of user
signals in the generated SCM signal. The limitations of the
setup affect the performance of users with high IF, which will
be explained in the following sections.
C. Demonstration of Multi-user Transmission
The EVM results after simultaneous transmission to three
users, each with 1.06 Gb/s data rate (16-QAM, 305 MHz
bandwidth for each user) after wireless transmission of 4m, is
shown in Fig. 5. A sum data rate of 3.2 Gb/s (1.06Gb/s per
user) is achieved in this case. All users obtain lowest EVM at
the angle where their respective center frequency provides
highest gain for the beam. The main limitation in the signal
performance is the noise from the AWG, RF amplifiers and
oscilloscope. Other sources of EVM degradation include
errors in channel estimation and alignment of
transmit/receive antennas. Higher QAM levels could be used
if high SNR was available from the signal generator. The user
with lowest IF has better performance than the others due to
the bandwidth limitations of the AWG and RoF link. Larger
numbers of users can be served simultaneously by adding
subcarriers to the composite SCM signal, but how many
depends on the spacing (guard band) between SCM signals,
which will be discussed in the next section. A scenario where
multiple users may be present at the same angular location
through the transmission of different subcarriers towards them
will be discussed in Section V.

III. TRANSMISSION TO LARGE NUMBER OF USERS
Transmission to a large number of users can be achieved
within a specific transmission bandwidth by using smaller
user-signal spacings. To analyze the effect of user-signal
frequency spacing for the multi-user transmission, a
composite SCM signal was generated for seven users, with
same experimental parameters as used previously. The
performance of all seven users (A to G) for different signal
spacings (guard band) is evaluated. Only results for the 20x1
LWA are shown in this section for simplicity, as it will always
perform better than the 12x1 LWA due to the additional 2dB
gain per beam. The EVM results for the seven users are
shown in Fig. 6. As the user-signal spacing increases, the
center IF for each signal increases, resulting in performance
degradation due to the bandwidth limitations of the
components. Only three values of signal spacings have been
used during the experiments for simplicity. The 50 MHz
spacing provides lowest EVM overall, because the composite
signal occupies a reduced frequency span; this spacing is used
in the next set of experiments to determine the largest number
of users that can use a single RF chain. Spacings smaller than
50MHz weren’t used during the experiments because AWG
limitations causes non-zero out-of-band suppressions for the
generated signal. For EVM performance at the receiver as
shown in Fig. 6, it can be seen that the EVM degrades towards
user G due to the increase in IF. Considering the limit of 15%
for 16-QAM with conventional FEC [25], five user-signals
have been able to meet the specification, with the others not
conforming due to the roll off in the performance of AWG
and RoF link.

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

Fig. 5. EVM results for three users at different locations (1.06Gb/s per
user is achieved using 16-QAM with symbol rate of 265.8MSymbols/s)

The SNR of user signals generated from the AWG
decreases with the increase in number of signals. For 16QAM modulation, a limited number of user signals can be
generated by the AWG with adequate SNR to meet the EVM
requirement at the receiver. To ensure each user’s EVM is
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under the 15% limit, transmission to ten users can be
performed by generating two sets of user-signals separately,
each with five users, as shown in Fig 7.
CENTRAL UNT
A B C D E

F

G H I

4

to available SNR, the sum rate also depends on the user-signal
bandwidth because of the beamsteering characteristics of the
LWA as shown by the frequency response in Fig. 3. This will
be analyzed in the next section.

Remote
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Fig. 7. Experimental Setup for Ten users Transmission using single LWA

Fig. 8 shows the performance of each user (A to J) where
the first user is placed at an IF of 0.5 GHz (upconverted to
60.5 GHz) and last user at 3.65 GHz (upconverted to
63.65GHz). Again, performance degrades with the increase
in IF due to the bandwidth limitations of the AWG and the
RoF link, but, for this particular case, the EVM for ten users
satisfies the 15% limit for 16-QAM, and a sum data rate of
10.6 Gb/s is achieved. While, 16-QAM has been used in the
experiments reported up to now, further increase in the
number of users (using the same transmit power) will further
reduce the SNR per user-signal. In that case, 4-QAM can be
used, for which the receiver EVM requirement is 22% [26].

Fig. 8. EVM for Ten Users (A to J) with 305MHz (16-QAM) bandwidth
per user and sum data rate of 10.6 Gb/s

Generation of an SCM signal for 10 users from the AWG
70001A provides sufficient SNR for each user-signal after the
downlink transmission from CU to the user end to meet EVM
requirements. Transmission to 20 users can be performed by
serving two sets of 10 users, one at a time (as was done for
the 16-QAM results in Fig.8). Fig. 9 shows the performance
of 20 users with 4-QAM modulation. Ten users were
transmitted in the first set (IF from 0.5 GHz to 3.65 GHz) and
another ten users in the next (IF from 4.05 GHz to 7.15 GHz).
The EVM for the 20th user after end-to-end transmission is
21.5%, still under the limit for 4-QAM. The sum data rate
from the 20 users is 10.6 Gb/s, but if the limitations of the
AWG and RoF components are ignored, each user could
attain similar performance to that of the first user with 13%
EVM. In that case, with 16-QAM, a sum data rate of
21.2Gb/s could be achieved with 20 users, each with 305MHz
bandwidth comprising a total transmission bandwidth of 6.1
GHz. The effective data rate of 1.06 Gb/s using 305 MHz user
bandwidth provides a spectral efficiency of 3.47 bits/Hz
which is lower than the 4 bits/Hz for 16-QAM due to the null
subcarriers and cyclic prefix for each user signal. Much
higher sum rate can be obtained using higher QAM levels, if
higher SNR could be realized with the equipment. In addition

Fig. 9. EVM per user for twenty users (QPSK Modulation, 305 MHz
bandwidth, 0.53 Gb/s per user)

IV. SNR DEGRADATION FOR LARGE BANDWIDTH SIGNAL
AND THEORETICAL SUM RATE MAXIMIZATION
As the maximum gain of a beam corresponds to the
specific frequency at the beam angle, the beam steering
characteristics of the LWA will cause a power degradation at
the edges for wideband signals. This effect is analyzed by
evaluating the performance of individual subcarriers within a
large bandwidth OFDM signal transmitted by the LWAs. Fig.
10 shows the received EVM after the transmission of a 4.88
GHz signal with 4-QAM modulation, centered at 63 GHz.
The frequency dependent insertion loss and return loss of the
V-band connectors and cables causes amplitude 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.
10 shows how the EVM fluctuations were smoothed out using
a moving average filter in MATLAB, in order to observe a
clearer trend for the EVM performance of the OFDM
subcarriers and to perform further analysis for SNR to
calculate a 3dB bandwidth. The fluctuations were smoothed
using span (percentage number of input points to compute
each element of output vector) of 20% (0.2) and 40% (0.4).
The mean EVM for the two smoothed curves shows similar
values.

Fig.10. EVM per subcarrier from transmission of 4880 MHz OFDM signal
before and after the application of smoothing function

Further analysis is performed by converting the EVM per
subcarrier to SNR [29] for the 4.88 GHz bandwidth signal
transmission for the two LWAs, as shown in Fig. 11. The
EVM results obtained by using a smoothing span of 0.4 have
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been considered here, as it provides less variations from the
mean EVM as compared to 0.2. From Fig. 11, the 3dB
bandwidth for the 20x1 LWA and 12x1 LWA are estimated
as 1.92 GHz and 3.05 GHz respectively. The 20x1 LWA
provides better performance for the middle subcarriers due to

1.92GHz
3.05GHz

5

users can be plotted, as in Fig. 12. It can be seen that the sum
data rate increases with the number of users, when the total
transmit power is constant, approximately saturating when
the user-signal bandwidth is small enough, 0.87 GHz in the
case of seven users, to cause insignificant SNR degradation
due to the LWA beamsteering effect. The sum rate then
saturates at 30.67 Gb/s (spectral efficiency of 5 bits/Hz). The
sum rate has also been plotted in Fig. 12 for the situation
where 3dB additional SNR is available from the user-signal
generator, providing a maximum sum rate of 36.6 Gb/s

Fig. 11. SNR per subcarrier comparison of transmission of 4880 MHz OFDM
signal (400 data subcarriers) for the two LWAs

having slightly higher gain. The SNR of subcarriers on the
edges experience high degradation for both LWAs, but this
degradation is sharper for the 20x1 LWA. The simulation
results for 20x1 LWA and 12x1 LWA frequency response (as
shown in Fig. 3) are also plotted over the span of 4.88GHz to
show agreement with the experimental results. The analysis
performed on the SNR degradation due to the LWA beam
pattern shows that as user signals centered at different
frequencies are directed in different directions, a wideband
user-signal will experience lower beam gain at its edges.
Specific signal bandwidths (such as 305MHz, 4880MHz)
have been used during the experiments, corresponding to a
defined set of discrete baseband sampling rates supported by
the oscilloscope.
To analyze the effect of LWA beamsteering on sum rate
for a particular transmission bandwidth, the theoretical sum
rate for different numbers of users can be calculated. For a
fixed overall transmit power, the allocated power of each user
decreases with the increase in number of users. However, if
the total transmission bandwidth is divided equally into
smaller bandwidth signals, the power reduction is mitigated
by the increased average channel gain (as the lower bandwidth
signals experience less degradation at their band edges).
Consider a total transmission bandwidth BT, divided equally
among N number of users. The user bandwidth is BU and
received user SNR is SNRU. The sum rate Rs can be calculated
by summing the rates RU from all N users, given in terms of
Shannon’s equation
N

N

U 1

U 1

RS   RU   BU log 2 (1  SNRU )

(1)

For a BT of 6.1 GHz (as used in the experiments), divided
equally among the users, and considering a receiver SNR of
15dB as the maximum user SNR (equivalent to the EVM
achieved for the first user shown in Fig. 9), the degradation
in SNR for various bandwidth signals can be calculated by
using the simulation results for the 20x1 LWA gain pattern
(shown in Fig. 3). The degradation in power for a specific
frequency span causes a corresponding decrease in SNR for
a user-signal SNRU (for bandwidth BU which is BT /N) [30],
[31]. Using (1) and the calculated SNRU that a user will have
with bandwidth BU, the sum rate for different numbers of

Fig. 12. Theoretical Maximum sum rate for different number of users

(spectral efficiency of 6 bits/Hz). Overall, the effect of LWA
beamsteering on high bandwidth signals is observed, with
maximum sum rate obtained when the user bandwidth is
small enough to not to be affected by the LWA. It can be seen
that, even for the 20x1 LWA which has a narrower
bandwidth, the saturation occurs at a number of users where
each is still able to obtain reasonable multi-Gb/s data rates.
V. IMPROVEMENT IN COVERAGE WITH MULTIPLE LWAS
High permittivity laminates can enable large steering angle
for the LWA, hence enabling better coverage at the cost of
degradation in radiation efficiency [32]. While localization is
required to track mobile users, which is out of the scope of
this article, the presented LWAs have been applied for
simultaneous localization of multiple users [33]. Thereby, a
high spatial and angle accuracy has been demonstrated. The
simple beam steering mechanism of the LWAs in principle
allows for centralized steering and user tracking at the central
unit via the modulated IF. As only a particular carrier
frequency is transmitted at a specific angular direction in the
presented setup, this may lead to an inefficient usage of
spectrum, as there might be no users at certain directions.
Another design consideration is to increase the availability of
the network for particular angular locations (while using
single RF chain) by operating multiple LWAs in parallel. For
a LWA transmitting different frequency signals towards
particular angular locations, a parallel operating LWA in
inverted position will provide a different set of frequencies
for the same user angle using overlapping beams. Due to the
unavailability of a 60 GHz-band power splitter, to
demonstrate the feasibility of this approach, the experiment is
performed using two LWAs in series as shown in Fig. 13.
Two user signals centered at IFs of 0.5 GHz and 4 GHz,
upconverted to 59 GHz and 62.5 GHz (each having 305 MHz
bandwidth), are provided to the pair of LWAs.
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 two
signals at the opposite angular directions. Due to the reduced
power, transmission from the second LWA was achieved for
0.5m wireless distance, which could be improved with
amplification. After adjusting the tilt of the second LWA, the
corresponding angles of the 62.5 GHz and 59 GHz beam were
made similar to the 59 GHz and 62.5 GHz beams of the first
LWA, respectively, and data was captured using the two user
locations in the left-hand and right-hand regions of the
transmission. The EVM for 59 GHz and 62.5 GHz centered
signals after 4m of wireless transmission from the 12x1 LWA
was found to be 12.02% and 12.5%. The EVM performance
after 0.5m transmission from the 20x1 LWA was 13.5% for
the 62.5 GHz and 13.3% for the 59 GHz user-signals, and
within experimental inaccuracy, the corresponding angles
were the same. This demonstrates a simple method for
reusing frequency spectrum, when utilizing highly directive
antennas, without adding significant system complexity. Use
of multiple LWAs will improve the coverage and spectral
efficiency, through increased flexibility in allocating
frequencies to users, independent of their location, but will
result in a decrease of the transmit power, and hence
transmission distance. Additional amplification can be used
to mitigate against this. (As there would be no added
upconversion/filtering etc., this would not result in full extra
RF chains, so still enabling a substantial part of the soughtafter RAU simplification).
59 GHz 62.5 GHz

Central
Unit

Remote
Antenna
Unit

12x1 20x1
LWA LWA
Right-hand
Region
0.5m

Left-hand
Region

4m
59 GHz

62.5
GHz
Ref
Line

59
GHz
62.5GHz

Fig. 13. Experimental Setup for Cascade design of LWA Transmission (the
user angles and transmission distances are not to scale)

In this work, transmission to a single cell only has been
presented. For multiple cells, Wavelength Division
Multiplexing (WDM) can be used to address the different
RAUs [34]. RAUs might operate for separate base stations,
in which case the usual mobile system handover procedures
would apply. They could also operate as part of the same
base station, and, here, cooperative (joint) transmission and
reception techniques for distributed MIMO [35] can be
applied. Such an application would be particularly useful in
dense user environments to be served by multiple RAUs
delivering high-speed data (e.g. high-definition video, virtual
reality) to many users.
VI. CONCLUSION
A low-cost, low complexity 60 GHz-band multi-user
transmission system based on SCM-RoF transport and the
beamsteering property of a LWA is presented, using a single
RoF link and single RF chain. Experimental analysis for
characterization of the system is performed, serving 20
spatially distributed users and achieving a sum data rate of
10.6 Gb/s. Investigation on SNR degradation of large
bandwidth signals due to LWA beamsteering shows that the
sum rate from multi-user transmission increases with the
number of served users, for a fixed transmission bandwidth,
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but saturates when the user-signal bandwidth is small enough
to be unaffected by the LWA. The spectrum efficiency is
improved using multiple LWA operation by performing the
transmission of different frequencies to similar angular
directions.
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