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We investigate the spectral coexistence feasibility of analog optically driven mmWave antenna beamforming over
dispersive fiber links within standardized dense wavelength-division multiplexing (DWDM) grids, targeting
next-generation wireless mobile network broadband use cases. Our analysis focuses on integration with legacy
passive optical network (PON) infrastructure, using three representative deployment scenarios to evaluate com-
patibility under practical spectral constraints. We present a use case-driven spectral feasibility assessment of
analog radio-over-fiber (ARoF)-based mmWave beam steering over DWDM grids, using a numerical framework
that evaluates beamwidth requirements under link distance, carrier frequency, as well as fiber and component
spectral constraints. We demonstrate that ARoF carrier frequency optimization, governed by WDM grid and
component spectral tolerances, enables optimized beam steering resolution. © 2025 Optica Publishing Group under

the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION

Dynamic beam steering is essential for 6G systems leverag-
ing mmWave and THz bands to meet rising demand. High
path loss and blockage in dense environments require adap-
tive, directional beams with real-time user tracking [1,2].
Integrated sensing and communication systems intensify the
need for precise beam control [3]. Beam steering also supports
spatial multiplexing, interference suppression, and diversity.
Fiber-optic links offer high-capacity, low-loss connectivity in
centralized architectures, decoupling processing from antenna
front-ends for scalable, energy-efficient, dense deployments
[4]. Analog radio-over-fiber (ARoF) architectures stream-
line this model by eliminating digitization at remote radio
heads (RRHs), reducing latency, power, and complexity while
preserving RF bandwidth and phase [5].

Phased array antennas (PAAs) are widely adopted for elec-
tronic beam steering without mechanical motion, achieved
by applying relative delays across antenna elements (AEs) via
beamforming networks (BFNs), typically employing electronic
phase shifters suffering from frequency-dependent beam squint
[6]. True-time delay (TTD) techniques mitigate squint but
tend to be narrowband, lossy, and power-hungry [7]. High
directivity without grating lobes requires high PAA element
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counts, adding complexity [8,9]. To address these limitations,
microwave photonics enables wideband TTD-based optical
BFNs (OBFNs) by leveraging electromagnetic interference
immunity, multiplexing, low-loss, and ultra-wide band-
width, while supporting passive, fiber-fed RRHs for scalable,
high-performance wireless networks [10].

Photonic TTD OBFNs using optical tunable delay lines
(OTDLs) have been widely studied [11]. Compact, CMOS-
compatible photonic integrated circuits (PICs) have been
demonstrated on passive silicon-on-insulator (SOI) and silicon
nitride platforms, with hybrid indium phosphide develop-
ments enabling co-integration of active elements. Two main
OTDL types stand out: optical ring resonators (ORRs), offer-
ing large delays in compact footprints through resonant light
recirculation but with constrained bandwidth, and switched
delay lines based on Mach—Zehnder interferometers (MZlIs).
Tunability is typically achieved via the thermo-optic effect,
with MZIs also supporting electro-optic tuning for faster
switching [11]. These OBFNs usually operate at a single fixed
wavelength per beam and require active elements to be placed
at the RRH for beam steering. While wavelength tuning can
enable centralized, passive RRH configurations [12,13], such
approaches still demand precise signal path adjustment and



beamforming hardware at the RRH, adding complexity and
limiting scalability.

Supported by advances in optical frequency comb (OFC)
sources and multiwavelength lasers, multi-A OBFNs address
these issues by assigning a unique A to each AE (A-to-AE),
enabling centralized beam control with simple demultiplexing
at the RRH. Numerous fixed-A-to-AE solutions using tunable
delay structures have been explored: ORRs [14], chirped fiber
Bragg gratings (CFBGs) [15,16], temperature-tuned etalon
filters [17], switched OTDLs [18,19], pre-selectable delays
[20], and programmable delay elements [21,22]. Tuning
within wavelength-division multiplexing (WDM) bands per
AE enables centralized beamforming with fixed delay elements,
leveraging precise tunable lasers and high-count OFCs with up
to 81 C-band channels [23], improving beam control accuracy,
stability, and performance. Most implementations rely on fixed
delay gradient elements comprised of CFBGs [24-26], etalon
filters [27], or standard single-mode fiber (SSMF) links from
the central office (CO) to RRHs [23,28-31]. Architectures
leveraging SSMF chromatic dispersion (CD) are advanta-
geous as they require no additional beamforming hardware,
including at the CO. Following this principle, we focus on
A-to-AE systems where a simplified RRH relies on passive
optical filtering to map distinct ARoF wavelength channels to
each AE, allowing centrally controlled dynamic beam steering,.
The fundamental viability of this paradigm has been confirmed
by several physical-layer demonstrations. Complete ARoF
links have successfully integrated multi-A sources to achieve
wireless data transmission with beam steering [28,30]. These
proofs-of-concept have validated the principle at mmWave
frequencies (i.e., 25 and 60 GHz) over multi-km fiber spans,
establishing a foundation for the analysis of larger-scale
network implementations.

These demonstrations, however, leverage fiber transmission
with no stringent spectral constraints, thus overlooking asso-
ciated impacts in scenarios of coexistence with legacy passive
optical networks (PONs). To our knowledge, there remains
a lack of systematic analysis focused on constraints specific to
standardized PON dense WDM (DWDM) grids. Moreover,
a use-case-based analysis is required as the system architecture
must match the conditions specific to the wireless transmission
band, coverage, steering range, and latency.

This paper addresses the gap by presenting a feasibility
study under spectral constraints imposed by standardized
100 GHz DWDM grids on generalized CD-based A-to-AE
architectures, evaluated against key radio network parame-
ters. The aim of this work is to establish the upper-bound
beamforming performance under these limitations, creating
a benchmark applicable across a range of implementation
specifics. As this analysis is complementary to ARoF signal
performance-oriented studies, it isolates the impact of spectral
constraints from other system performance limitations in the
AROF segment. Thus, the impacts of optical power budget,
nonlinear effects, and inter-channel crosstalk are acknowl-
edged but lie outside the scope of this work. Finally, this work
proposes optimization strategies for balancing enhanced beam-
forming performance against reduced RRH complexity. To
ground this assessment, we analyze three diverse high-capacity
mmWave access scenarios, chosen to reflect the demands

of fixed broadband, immersive media, and dense indoor
networks.

The paper is structured as follows: Section 2 presents the
theoretical basis for spectral efficiency optimization in A-to-AE
architectures, and a feasibility assessment numerical framework
is detailed in Section 3. Section 4 analyzes 6G mmWave use
cases, while Section 5 concludes the work.

2. BEAMFORMING IN mmWave DISPERSIVE
FIBER LINKS

To establish the phase shift and optical fronthaul require-
ments, we consider 1D and 2D antenna arrays with L elements
for analog 2D and 3D beamforming, respectively, as rep-
resented in Fig. 1. These correspond to the uniform linear
arrays (ULAs) with L = N elements and uniform planar arrays
(UPAs) with L =N x M antenna elements, respectively.
We hereby adopt the terminology as provided in [32], along
with the spherical coordinate convention therein, whereby
the azimuth ¢ € [—m, 7] and elevation 0 € [—m/2, /2]
angles are measured as shown in Fig. 1. In a generalized sce-
nario, we consider 3D beamforming using a rectangular UPA
operating at wavelength A,, with inter-element spacing
equal in both directions, 4 =4, =d,,, and set to satisfy the
condition for elimination of grating lobes: 4 =X,/2 [32].
The array phase progression A¢, representing the differential
phase shift applied between adjacent antenna elements to
steer the beam in a desired direction (¢, 0), takes two distinct
values for azimuth (A¢,,) and elevation (A¢,) to control the
beam in both planes [33,34]. For simplicity, in considering a
ULA for 2D beamforming in azimuth, we assume 8 = 0. The
beam steering granularity and flexibility depend on the ability
to generate narrow beams, which in turn dictates the mini-
mum number of antenna elements L required for adequate
resolution and coverage. In A-to-AE beamforming systems
relying on legacy DWDM grids without remote deployment
of TTD elements, this requirement imposes optical spectrum
constraints.

Figure 2 illustrates the operating principle of an ARoF-
based A-to-AE architecture for centralized mmWave antenna
beamforming. L radio signals generated by the baseband units
(BBUs) located at a CO are transmitted to the RRHs at the
antenna sites via ARoF transport architecture, supporting
centralization. For illustrative purposes, the figure assumes a
ULA configuration (@ =0). We consider multiple variants
of transmitter and receiver architectures for mmWave ARoF
signal generation and detection. Two key approaches are high-
lighted in the Fig. 2 insets: (a) transmitter electrical upshifting
(TEU), in which baseband signals are electrically upconverted
to the target RF frequency, and (b) heterodyne detection-based
upshifting (HDU), where the mmWave signal is generated
through photonic frequency mixing at the photodetector
(PD). For HDU, an optical comb generator (OCG) ensures
phase coherence between optical tones necessary for effective
heterodyne detection. As shown in Fig. 2, we hereby assume
single-sideband modulation of the radio signal, as it allows
improved spectral efficiency and mitigation of CD-induced
radio amplitude fading. However, more cost-effective double-
sideband modulation has been successfully demonstrated
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Fig. 1. Beamforming from 2D (a) a horizontal ULA in azimuth and (b) a vertical ULA in elevation. (c) 3D beamforming from a UPA, with
directivity in both the vertical and horizontal planes. (d) The adopted spherical coordinate convention. The beams are illustrative, showing possible
directions when one is active at a time, and only main lobes are shown. Although drawn here from single elements for clarity, beams are synthesized
by phase control across the full array.
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Fig. 2. Remote DWDM-based optical beamforming system supporting L antenna elements, considering (a) TEU-based and (b) HDU-
based mmWave ARoF system architectures. Electrical mixers at the antenna site indicate the RRH, case where frp < f;. Tx, transmitter;

E/O, electrical-to-optical conversion; DAC, digital-to-analog converter; BPE bandpass filter; EDFA, erbium-doped fiber amplifier; and E/O,

optical-to-electrical conversion.

in practical implementations [18,23,28-31], introducing a
trade-off between cost and performance that depends on the
level of chromatic dispersion required for a given applica-
tion as well as on spectral availability. The L ARoF channels
are wavelength-division multiplexed (MUX), transmitted
over SSME, and demultiplexed (DMUX) at the RRH, while
conforming to a legacy DWDM grid. Each optical signal is
detected by a PD and fed directly to its respective AE input
in an antenna array with beamforming capabilities. Figure 2
also accounts for cases where the generated fgp differs from
the final, air-interface mmWave carrier frequency f;, with
optional RF mixers included in the chain to accommodate
such scenarios. To ensure precise beam directionality, variable
delay lines (VDLs) are employed to synchronize the RF phases
of the AROF signals such that, under nominal WDM channel
spacing A fiypwm, the array radiates a beam at ¢ =0°. It is
of note that delay adjustment elements may be placed at the
CO, for further RRH simplification [20]. When the channel
spacing deviates from A fiypm, CD in the SSMF introduces
differential phase shifts among the ARoF signals, resulting in a
beam steering angle of ¢ # 0°. Such photonics-assisted remote
beamforming architecture offers a key advantage in enabling
high-speed, fully centralized beam steering without the need
for active RF electronics or digital signal processing (DSP) at
the antenna site. Although the inclusion of electrical mixers at
the antenna site (frr < f2) offsets low RRH complexity, we
highlight this configuration as relevant in PON coexistence

scenarios where opto-electronic bandwidth and fiber spectral
availability are constrained.

Assuming that adjacent multiplexed ARoF signals are data
modulated at the RF frequency frr using optical carriers
spaced in wavelength by AX, the relative group delay At they
experience upon propagation through an SSME characterized
by length Lgssmr and dispersion parameter D, yields the RF
phase shift of A¢ = 27TfRF AT = 27TfRF -D- LSSMF - AA.
Assuming inter-element spacing 4 =A./2, the wavelength
tuning range AA required for the beam steering at azimuth ¢
and elevation 6 angles is given as

|Ag|

Al = ,
27 - D - Lssmr - fre

IAg| = 7 sin(¢)cos(f), in azimuth
| 7 sin(0), in elevation

This relationship holds for the aforementioned candidate
mmWave generation schemes designed for wireless trans-
mission at the carrier frequency f. depicted in Fig. 2.
Considering the relationship between the RF and the
intermediate frequency (IF) at the optical modulator, we
distinguish (a) electrical upshifting at the transmitter side
(TEU), where fg: = fir, and (b) optically assisted upshifting
based on heterodyne photodetection (HDU), where f7. =
Jfir + A foces and A focq is the frequency spacing between
adjacent OCG tones. In both cases, we may consider two
variants for the antenna site architecture, depending on the
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(a) Optical tuning range requirement for the required azimuth steering angle ¢ and (b) laser tuning speed vy, needed for total angu-

lar coverage of ¢ and 75 = 5 ms, considering 20 km SSMF and C-band transmission.

relationship between the RF frequency and the intended
air-interface mmWave frequency: (i) simplified RRH design
(hereby referred to as RRH), where f;‘z’h = frr, and (ii) elec-
trical upshifting at the antenna side (denoted RRH /), where
ﬂ”bii = frr + f10,and fio is the electrical mixer frequency.

As shown in Fig. 2, assuming a ULA (L = N, 6 =0), the
required optical frequency tuning range A f,, for a given beam
steering angle in CD-based OBEN systems exhibits an inverse
dependence on the AROF carrier frequency frp. This results
from the wavelength-dependent mapping between RF phase
progression and differential group delay in dispersive optical
links. An increase in frp leads to progressively finer required
phase shifts among the antenna elements, leading to reduced
optical frequency spacing required to maintain a given steering
angle. While this trend initially enables more compact spectral
allocation for beamforming, the asymptotic behavior of this
relationship yields diminishing benefits as the ARoF carrier
frequency frp increases, which is relevant in scenarios where
spectral efficiency must be weighed against other system-level
trade-offs. In coexistence scenarios with legacy DWDM infra-
structure, it is often more practical to treat the optical channel
spacing A f,, as a fixed design constraint, dictated by standard-
ized grid spacings. Under this premise, system optimization
shifts toward identifying the minimum frp that enables the
desired angular steering range while remaining within the fixed
spectral allocation. This heuristic supports the identification
of feasible trade-offs between spectral efficiency and imple-
mentation complexity, particularly where further reductions in
A f, are constrained by DWDM grid compatibility, increased
impairment sensitivity, or photonic hardware limitations at
higher RF frequencies. Finally, Fig. 3(a) shows that the result-
ing frp optimum acquired for a fixed A f;, is inherently use
case dependent, as it varies with the steering angle require-
ment imposed by the intended beamforming application. As
discussed, the basis for such optimization is the inclusion of
electrical mixers at the antenna site, in use cases where it may
be preferred compared to the TTD element distribution at the
RRH or to the reliance on ultra-high bandwidth PDs and/or
dedicated fiber transmission without consideration for optical
spectrum constraints.

A baseline for time-domain beamforming requirements may
also be established by following the 5G NR 3GPP-defined
synchronization signal block (SSB) procedure [35], where

an SS burst covers the full angular range within 7gs =5 ms.
Considering the absence of DSP and assuming negligible beam
management latency, while accounting for the fiber round-
trip latency, the specified 755 requirement would impose the
minimum optical transmitter switching speed vy, shown in
Fig. 3(b). The choice of frequency spacing, once constrained
by a fixed DWDM grid, affects the requirements placed on
the tuning agility and spectral precision of the ARoF trans-
mitters. Wider channel spacing necessitates faster tuning to
accommodate dynamic beam steering with strict sweep latency
requirements, while tighter spacing limits laser drift tolerance,
imposing stricter stability and temperature control. Thus, the
spectral requirements not only define the system architecture
but also set critical performance benchmarks for ARoF trans-
mitters in terms of tuning speed, precision, and long-term
wavelength stability. The importance of thermal stabilization
in A-steered AROF systems has been highlighted in experimen-
tal demonstrations such as [28], where lasers with 100 MHz
stability and temperature control at the CO proved effective in
keeping wavelength drift below 0.01 nm and preserving beam-
forming accuracy under realistic conditions. Regarding OFCs,
wavelength stability better than 1 MHz has been employed to
demonstrate tunable A-to-AE beam steering capability [23].
Finally, temperature fluctuations in real-world deployments
affect the fiber group delay, potentially affecting beamforming
performance. Dynamic compensation strategies such as ther-
mal stabilization, feedback-based A-tuning adjustment at the
CO, and periodic VDL calibration via the SSB procedure at
the network control layer may be incorporated at the system
level without affecting the core spectral feasibility principles
discussed in this work. Although this work and its general-
ized system setup in Fig. 2 imply variability of delay lines at
the RRH for completeness, such variability is not required if
A-tuning adjustments are handled at the CO. In that case, the
RRH delay lines only serve for static rest state (i.e., boresight)
calibration.

3. SYSTEM REQUIREMENTS UNDER THE
SPECTRAL COEXISTENCE SCENARIO

It is critical to assess the conditions where CD-based beam-
forming schemes can coexist with legacy PON standards,



ensuring backward compatibility by confining their spectral
occupation to optical bands not currently utilized. The cur-
rently active ITU-T standards include G-PON, video overlay
for CATV, XGS-PON, NG-PON2, and 50G-PON, which
jointly occupy the available optical spectrum across the C-
and O-bands. However, as discussed extensively within the
ITU-T VHSP initiative for future 200G-PON systems, the
video overlay is now rarely deployed, and NG-PON2 never
gained significant traction aside from limited adoption in the
USA. Thus, there is a broad consensus within ITU-T that
PON evolution should primarily account for G-PON, XGS-
PON, and 50G-PON. As highlighted in [306], this assumption
makes the 1500—-1575 nm range, along with the >1580 nm
region, available for emerging applications including the
next-generation broadband use cases addressed in this paper.
Provided that the ITU-T VHSP initiative adopts coherent
PON, a portion of this range may become unavailable, though
the specifics remain undefined. As a conservative estimate,
we thus conclude that up to 30 nm within the C-band would
likely remain available for ARoF A-to-AE OBFNss. Such spec-
tral planning would likely yield up to approximately 20-30
nm of potential usable bandwidth corresponding to 25-38 of
supported channel slots representing the upper L limit, when
considering 100 GHz DWDM grid in the above-defined C-
and L-band ranges and depending on specific deployments.
Assuming ITU-T Recommendation G.694.1 DWDM grids
[37], commonly deployed in metro and long-haul systems, we
consider the 100 GHz grid to be a suitable compromise for
the OBEN applications analyzed in this paper, as it offers more
relaxed filter and laser requirements compared to the 50 GHz
option. A key constraint for such applications is aligning opti-
cal carriers to standardized WDM grids while preserving guard
bands for filter roll-off and wavelength stability tolerances, lim-
iting the ARoF channel tuning range and beamwidth. To scale
the number of AEs in practical implementations, high-count
OFCs have been explored. While our study does not analyze
power budget constraints, it is important to note that fiber
nonlinearities limit total launch power and must be considered
in practical deployments. For reference, AF computations
using measured fiber delays have been demonstrated without
performance degradation from nonlinearities in setups of
90 channels at 25 GHz spacing over 13.1 km SSMF (5 dBm
launch), 24 channels at 100 GHz over 10 km (2 dBm), 81
channels at 49 GHz over 2 km, and 36 channels at 25 GHz
over 2 km [18,23,29,31].

A. Array Element Count Evaluation

To evaluate the feasibility of OBFNs under DWDM spectral
constraints, we first established a method for the evaluation
of the required ULA and UPA element count L. In order to
calculate the number of required antenna AEs at a given carrier
frequency f; while considering various wireless link range dji,i
scenarios, we build on the link budget methodology in [38,39].

Key parameters, including the allowed subcarrier spacings
(SCS), available channel bandwidths, FFT size, and target
wireless spectrum utilization, are defined to determine the
minimum subcarrier spacing A f and the effective channel
bandwidth B.. In particular, we adopt a set of allowed channel

bandwidths B, as in [40]. For a fixed FFT size of Ngpr points,
a given bandwidth B,, and a wireless spectrum utilization
efficiency of 1, the minimum subcarrier spacing A f is then
calculated using the methodology in [40]. This ensures that the
selected Ngpr and wireless spectrum utilization target accom-
modate the channel bandwidth, as well as the 15-2* kHz
base numerology defined in 3GPP [35], such that the smallest
allowed subcarrier spacing is 15 kHz. For each numerology
defined by the minimum subcarrier spacing, we then spec-
ify the supported channel bandwidths complying with the
Nyquist criterion for the sampling frequency f; = Nger - A £,
ensuring alias-free signal reconstruction and compatibility
with OFDM numerologies. Next, the channel bandwidth
B, is partitioned into a number of resource blocks (RBs), by
dividing the effective channel bandwidth by the RB width of
12 subcarriers, Ngg = B, - /(12 - A f), while rounding down
to ensure only full RBs are scheduled.

To consistently evaluate system performance across a wide
f range, a uniform resource allocation of Nzg =261 RBs is
adopted in this work. This value results from the minimum
considered bandwidth allocation set to B, =50 MHz, with
A f=15kHz and n=0.94. This ensures that system com-
parisons are made on a common basis of total transmission
resources, independent of the frequency band. To satisfy this
constraint while respecting practical spectrum allocations,
bandwidth-SCS pairs are selected based on the foreseen avail-
able bandwidth in each frequency range [40-42]. At lower
frequencies, wireless spectrum availability is limited, favoring
narrower bandwidths and smaller SCS values (e.g., 15 kHz
with 50 MHz bandwidth at sub-3 GHz). As f; increases,
broader bandwidths become accessible, necessitating higher
SCS to maintain the FFT size. In this work, the bandwidth
and subcarrier spacing for each f; are determined by fixing
the MNgpr to 4096. This results in 261 x 12 subcarriers for
all considered carrier frequency bands, similar to the scaling
used in [38,40]. The adopted SCS and bandwidth settings per
frequency range are summarized in Table 1.

The link budget is henceforth computed to characterize the
achievable received signal-to-noise ratio (SNR) under realistic
propagation and hardware constraints across the considered
frequency range defined in Table 1 and with the above PHY
layer specifications. In particular, the receiver SNR relation-
ship to the total transmit power, the path loss, the receiver
thermal noise power, as well as the transmitter (RRH) and
receiver/user equipment (UE) antenna gains are modeled as in

Table 1. Bandwidth-SCS Pairs per Carrier Frequency
Assuming Ngrr = 4096, Ngg = 261, and n= 0.94

Carrier Frequency Range (f. € F) A f (kHz) B, (MHz)
450 MHz-3 GHz 15 50
3-6 GHz 30 100
7-14 GHz 60 200
15-50 GHz 120 400
51-70 GHz 240 800
71-100 GHz 480 1600
101-125 GHz 960 3200
126-150 GHz 1920 6400
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[39]. In this paper, a receiver noise figure (NF) of 10 dB and
290 K temperature for outdoor environments are adopted. In
addition to free space path loss (FSPL) [39], we incorporate
the atmospheric attenuation modeling targeting additional
atmospheric propagation losses. The model accounts for dry-
air absorption, which depends on environmental parameters
such as temperature and pressure, as well as water vapor density
effects that become significant at higher carrier frequencies
[43]. For outdoor scenarios, rain attenuation is also included,
with its severity determined by the local rain rate, using mod-
els specified in [44]. Furthermore, polarization mismatch
between horizontal and vertical polarizations is also consid-
ered. In indoor deployment scenarios, rain attenuation and
strong atmospheric gaseous absorption are hereby neglected.
The available transmit power is modeled with a frequency-
dependent back-off to reflect the physical limitations of power
amplifier (PA) technology at high frequencies [40]. The rate
of power decrease with frequency used in this paper is 1.5,
whereas nominal transmit power and nominal frequency are
set to 50 W and 1 GHz, respectively. This model captures a
PA output power degradation of approximately 15 dB per
frequency decade, consistent with empirical measurements
and standard assumptions adopted in [45]. Next, our model
assumes that the transmitter (RRH) and receiver (UE) antenna
array elements are coherently combined, resulting in the effec-
tive RRH/UE gain equal to the individual element gain scaled
by a factor of L. We hereby assume 3 dBi for the gain of a single
AE.

Finally, to ensure the desired QoS levels, a block error rate
(BLER) target is defined for each transmission block of size
Lplock (herein considered to be 8448 bits, the maximum LDPC
code block size supported in 3GPP). The BLER is related to
the underlying bit error rate (BER) through the approximation
BLER &~ 1 — (1 — BER) block | where the relationship between
the uncoded M-QAM modulation BER and SNR is modeled
as in [46]. To enforce the QoS constraint for each considered
fz» the system calculates the RRH-to-UE wireless link distance
dink and antenna element count L pairs, ensuring the required
SNR determined based on the modulation format and the
target BLER. In this paper, the 16-QAM modulation along
with the QoS requirement ensuring BLER = 10% is used,
while the number of antennas at the UEs is kept fixed at 4. The
results for the minimum required number of AEs L (L = N?)

are presented in Fig. 4, showcasing the wireless link range lim-
itations and the resulting beamforming criteria at a wide range
of wireless carrier frequencies.

B. Spectral Coexistence Evaluation

To evaluate the feasibility of analog A-to-AE OBFNs deployed
over standardized DWDM grids in mmWave scenarios, a
numerical method was developed to determine the maximum
number of supported channels L conforming to a fixed grid
spacing while satisfying system constraints. Our framework
isolates spectral availability as the main constraint of interest,
while specific signal-level ARoF transceiver characteristics and
implementation are abstracted, with spectral impacts implic-
itly addressed through the allocation of optical guard bands
(OGBs). We adopt a uniform DWDM grid with nominal
channel spacing of A fiypm = 100 GHz. OGB bandwidth of
=+ Bogp is reserved on each side of the ARoF signal spectrum to
accommodate arbitrary filter roll-off, laser drift, and isolation
margins. Following Section 2, for a given frp, the required
optical tuning range A f,, is derived from the targeted angular
steering range and fiber parameters. To account for practical
uncertainties, such as the £10 nm zero-dispersion wavelength
(ZDW) tolerance defined in ITU-T G.652, we conduct a
parametric feasibility analysis over a realistic range of total
dispersion D - Lgsmr values, while using Corning SMF-28 as
a reference fiber model and ZDW within the 1302-1322 nm
range. A dispersion slope of 0.09 ps/nm? - km is adopted to
account for the third-order dispersion (TOD) contribution
to the differential group delay. However, with VDL compen-
sation applied in the rest state, residual TOD contribution
to the differential phase error had a negligible impact on the
beamforming gain in all use cases considered in this paper. In
scenarios where the residual differential phase error reaches
unacceptable limits, TOD may be compensated via A-tuning
adjustment [23] and accounted for with the Bopg parameter.
Spectral distribution supporting the required tuning range
without adjacent channel OGB violation is then iteratively
evaluated. The “rest state” of the spectral distribution aligns the
channels to the centers of the DWDM grid, so that symmetric
tuning is supported such that ™" = —p™*, The signal center
frequencies are mapped to the grid positions, and spectral
occupancy including OGBs is verified to avoid overlap. The
framework output includes the maximum number of ARoF
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Fig. 5.  Spectral distribution and radiation patterns for ARoF system architectures with frp set to 20 GHz (left, blue), 40 GHz (center,

red), and 60 GHz (green, right), the resulting number of supported AEs L, HPBW, and MSLR. ARoF transmission using 20 km SMF-28 at
D =17 ps/nm/km, 100 GHz DWDM PON grid with Bogg = 10 GHz, and # = 0 is considered.

signal replicas L, effectively representing the system angular
resolution capability under the imposed grid and hardware
constraints. Moreover, we calculate the resulting array factor
(AF) to confirm the beam directivity and extract the half-power
beamwidth (HPBW) and main-to-sidelobe ratio (MSLR)
[32]. The minimum required ARoF transmitter tuning speed
Veun 1s evaluated considering the SSB procedure, as described
in Section 2. Laser drift tolerance, A fi,.x, is modeled as a
perturbation in the central wavelength of each ARoF signal.
In HDU architectures, the spacing between the radio signal
and the LO tone fgp is assumed unaffected, as both originate
from the same laser per AROF signal. The impact of laser drift
is evaluated by computing the resulting differential phase shift
perturbation among the ARoF signals, using the CD-induced
delay expression from Section 2. Beamforming gain Gy at the
intended steering angles is modeled following the coordinate
system and formalism in [32] and accounts for the resulting
differential phase shifts across all ARoF signals. G reduction
due to drift-induced phase misalignment leading to the loss of
constructive interference is then quantified. To estimate the
worst-case degradation, a Monte Carlo approach is used: for a
fixed A fi.x, random signs of drift are assigned across ARoF
signals in each trial. Gyf is computed for each configuration,
and the minimum observed value across all trials is taken as the
worst case. The number of trials is increased until convergence
of the minimum G}y ensures capture of the most destructive
interference pattern. This process is repeated for multiple
A finax values until maximum tolerable Gy degradation is
reached, calculated using methods in Section 3.A as the highest
allowed loss that still maintains the minimum required L at
given djx and fre. This methodology enables quantitative
assessment of spectral coexistence feasibility with legacy PON
and informs design trade-offs between the spectral efficiency
and beam steering requirements. Figure 5 illustrates the spec-
tral distribution over a 100 GHz grid imposing limitation of
L, reflected in radiation patterns for three characteristic cases

of frp. As discussed, frp may be optimized to maximize L
in pursuit of increased HPBW requirements, while wireless
transmission at f; is achieved via the inclusion of electrical
mixers with f70 = f; — fre at the antenna site. The example
showcased in Fig. 5 considers 20 km SMF-28 transmission
with D=17 ps/nm/km and Bogs =10 GHz. The insets
focus on spectral distribution for ¢, while channel spacing
reduction in equal measure is supported for —g"*.

As compared to the C-band, elevated dispersion in the
L-band presents an opportunity for further expansion due
to the reduced required tuning range. This requires L-band
lasers, modulators, receivers, and optical amplifiers, while
higher attenuation must be accounted for as well. Promisingly,
recent advances in L-band optoelectronics, mostly driven by
the multi-band trend in long-haul transport networks, have
narrowed the performance gap with respect to the C-band
[47-50]. Figures 6(a)—6(c) show the maximum number of
supported ULA elements L over a 100 GHz DWDM grid
considering SMF-28 at D =20 ps/nm/km, with Bogp set
to +3 GHz. It showcases the relevance of frp optimization
in maximizing the supported AE count. For an increased DL,
the range of frp offering optimal beamforming performance
narrows. Compared to 180°, the steering range of 60° (e.g., a
“street canyon” scenario) nearly doubles the AE count L.

C-band allocation is preferred for component maturity and
legacy compatibility but is only feasible in spectral windows
unallocated to PON services. The L-band offers more spectral
freedom but demands stricter design due to attenuation and
less mature hardware. 100 GHz spacing best balances perform-
ance and grid alignment, while 50 GHz or denser grids may
suit greenfield deployments or advanced filtering and stabiliza-
tion setups [51]. Figures 6(d)-6(f) show L over a 100 GHz
grid in the C-band, considering Bogs = £3 GHz. Evidently,
in legacy coexistence scenarios, L-band ARoF transmission
may become necessary in use cases requiring high beamwidth
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ranges of (a), (d) 180°; (b), (e) 120°; and (c), (g)—(i) 60°. D =20 ps/nm/km (top), D =17 ps/nm/km (middle and bottom), 2- Bogs = 6 GHz
(top and middle), and (g) 2- Bogs = 4 GHz, (h) 2- Bogs = 12 GHz, and (i) 2: Bogs = 20 GHz are considered.

resolution, where unallocated C-band spectral availability
becomes exhausted.

Figures 6(g)—6(i) show L over a 100 GHz DWDM grid in
the C-band with varying Bogs. The observed dependency of
the optimal ARoF signal bandwidth on the configured Bogp
reveals a trade-off in spectral efficiency. The results for a fixed
steering angle over 20 km of SMF-28 show that, as the Bogp
increases from 2 to 10 GHz, the optimal fgg yielding the maxi-
mum number of non-overlapping signal replicas shifts from
approximately 48 to 40 GHz. Expectedly, larger guard bands
reduce the available bandwidth per DWDM slot, constraining
the tuning range for each AROF signal. Thus, ARoF fronthaul
design must account for guard bands while relying on opti-
mized spectral allocation strategies to maximize the resolution
and scalability of ARoF-based beamforming systems within the
limits of standardized grids.

4. USE CASE ANALYSIS

In this section, we evaluate the per-use-case feasibility of analog
A-to-AE OBFN systems, relying on fiber CD and coexistence
with legacy WDM-PON infrastructures, while considering
the established antenna array density requirements in the
mmWave range. Table 2 addresses the resulting wireless range
and bandwidth for three characteristic use cases considering

the requirements for the (a) wireless carrier frequency range f7,
(b) antenna array element count L, (c) azimuth and elevation
steering range ¢, and 6,, and (d) latency. These requirements
are set by using the following criteria. The frequency ranges
are selected among those currently allocated to cellular services
[52] or currently being considered [41]. Values for L (L = N?
for a UPA) are derived using the methodology presented in
Section 3.A. The choice between ULAs and UPAs is closely
tied to the spatial characteristics of each use case. Steering
range values are derived from typical deployment geometries
and user movement patterns. For the latency requirement, the
subcarrier spacing A f directly influences the symbol duration
(Tymb = 1/ A f), with larger spacings yielding shorter symbol
durations. Since latency-sensitive applications require rapid
transmission and fast scheduling, shorter symbol durations
enable finer time granularity, making it possible to meet tight
latency budgets through reduced transmission time intervals
(TTIs). Although the mapping between SCS and specific
latency requirements is illustrative, it reflects the aforemen-
tioned reasoning. The required laser tuning range and speed
are calculated considering the SSB procedure requirements
and fiber round-trip time, as explained in Section 2. Laser
drift tolerance A fi,. is estimated as the maximum tuning
error leading to beamforming gain degradation equal to the
maximum loss allowed to keep L constant, as detailed in
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Table 2. Summary of Per-Use-Case Requirements
Use Case fc (GHz) (a) Configuration (b) Steering (c) Latency (d) nax Bandwidth
FWA 24.25-28.35 (FR2-1) ULA L =64—121 @, = +45° <10 ms (SCS 15 kHz 1 km 400 MHz
or 30 kHz)
ER and HC 57-71 (FR2-2) UPA L =16—64 ¢, = £60° <1 ms (SCS of 60 or 100 m 800-1600 MHz
0, = £30° 120 kHz)
IH 37-48.2 (FR2-1) UPA L =9-25 @, =£90° <5 ms (SCS of 30 or 200 m 400 MHz
6, = +45° 60, 120 kHz)
38 26 - -
" —o—DL =341.6psinm, v, , = 16.6nm/s| | 2l —1 [—e—DL=3416psim, v, =7.2nm/s
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Fig. 7. Maximum supported (a) L for FWA and (b) N (L = N?) for RRH-based XR/HC use cases deployed over a legacy WDM grid versus

Bogg requirements for several DL values.

Section 3. We highlight that such estimation refers strictly to
the beamforming system vulnerability to hereby addressed
spectral limitations, whereas other contributions of laser drift
to the ARoF segment SNR degradation are beyond the scope
of this work. Based on these assumptions and methodologies,
we highlight the following use cases and discuss their feasibility
in the context of the spectral coexistence of the beamforming
architecture depicted in Fig. 2 with legacy PON grids.

A. Fixed Wireless Access

Fixed wireless access (FWA) relies on mmWave frequencies
to deliver high-speed broadband communications to homes
and businesses, where the equipment is typically mounted on
rooftops or towers to serve buildings spread in a horizontal fan.
A ULA is thus the configuration of choice, as it provides direc-
tional gain and 1D steering, making it suitable for scenarios
with static or planar user distribution such as FWA and smart
factories. The assumption is that most customer premises will
be located within a 90° (azimuthal) field of view.

Figure 7(a) shows the feasibility assessment results for sev-
eral values of total dispersion DL and the resulting required
tuning speed vy, while considering the criteria established in
Table 2. The results showcase the number of supported N x 1
ULA AEs (L = N), considering a range of allocated OGB
constraints to emulate optical component spectral limitations.
The results indicate that, to support up to 14 AEs, DL over
600 ps/nm is required along with ARoF transceiver equipment
enabling stringent OGB allocation of £2 GHz and a mini-
mum Uy, of 9.6 nm/s. As shown in Table 2, due to the high AE
count requirement of L = 64, this use case is thus not feasible
in 100 GHz DWDM grid coexistence scenarios. Therefore,

FWA requires a dedicated fronthaul feeder fiber when based on
the A-to-AE architecture depicted in Fig. 2.

When discarding the spectral constraints imposed by the
scenarios of legacy coexistence over DWDM grids, consid-
ering a dedicated SMF-28 fiber with Lsgvp =20km and
C-band allocation (D =17 ps/nm/km), analog A-to-AE
OBFN system operating at frp = f- =25 GHz and relying
on RRHy architecture (i.e., with no electrical upshifting at
the RRH) requires 10.4 GHz of total optical tuning range
with 17.3 nm/s of transmitter tuning speed to provide 90° of
total beam steering range, as confirmed by the results shown in
Fig. 3.

B. Extended Reality and Holographic
Communications

The extended reality (XR) and holographic communications
(HCs) use cases support immersive applications like AR/VR
and holographic calls, requiring ultra-high data rates and
minimal latency. In contrast to FWA, UPA configuration is
considered to enable 2D beamforming with finer angular
resolution, better suited for dynamic and dense environments
where users are distributed in both azimuth and elevation.
Unlike FWA, XR requires user headset movement in all
directions, demanding rapid beam tracking in both planes.
£60° azimuth provides wide horizontal freedom, while £30°
elevation accounts for seated/standing/leaning indoor users.
Figures 7(b) and 8(a) show the feasibility assessment results
under the requirements presented in Table 2, while mapping
the relationship between the wireless link range djiyy require-
ments, presented in Fig. 4. The results showcase the number
of supported per-dimension AEs N, assuming an N x N UPA
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Maximum supported N (L = N?) deployed over legacy WDM grid versus the resulting Bogp requirements for several DL values and

(L = N?). We here consider both RRHg and RRH ; archi-
tectures, as depicted in Fig. 2. As shown in Fig. 7(b), an ARoF
system using a simplified RRHg architecture may support
diink > 100 m only for DL > 400 ps/nm, with AROF transceiv-
ers enabling Bogs = £3.9 GHz tolerance and a tuning speed
Veun 0f 6.1 nm/s. A UPA with 5 x 5 AEs is required to support
a 100 m range, which at DL = 341 ps/nm imposes stringent
Bogs = £3.7 GHz, vy, = 7.2 nm/s, and A f,.c of 238 MHz.
This use case showcases the impact of frp optimization
enabled by RRH), architecture relying on electrical mixers,
as discussed in Section 3.B and shown in Fig. 8(a). In such a
case, 100 m of dji is feasible with relaxed guard band and drift
requirements of Bogg = %7 GHz and A f;,,x =359 MHz at
the expense of increased vy, = 9.5 nm/s. Higher drift toler-
ance of the RRH s/ architecture is the consequence of operating
at lower frp, where larger channel detuning required per steer-
ing increment reduces sensitivity to tuning errors, as shown in
Fig. 3(a). Moreover, as demonstrated in Fig. 8(a), lowering the
transmission range dji,; permits more considerable relaxation
of system requirements in optimized RRH s architectures.

C. Indoor Hotspot

The indoor hotspot (IH) use case (e.g., stadiums, malls) is
characterized by dense user presence but more relaxed latency
demands (real-time video or data download services). A UPA
configuration is assumed, following the same environmental
rationale as for XR. Access points are usually mounted above
users, on ceilings or beams, needing full-circle horizontal cov-
erage (i.e., £90° azimuthal range). Stadiums or malls feature
multi-level seating or escalators, requiring beams to point
up/down in elevation; thus +45° elevation value has been
considered.

To benefit from the operation in the FR2-1 frequency range,
we consider the deployment of this use case using a simplified
RRHg architecture, with no electrical upshifting at the antenna
site. The feasibility assessment results for f, =45 GHz oper-
ation, showcasing the number of supported per-dimension
AEs assuming an N x N UPA, are presented in Fig. 8(b).
Wireless transmission over a 200 m range at 45 GHz requires
L =16. OBEN supports this range for all considered values of
DL, with a clear trade-off between transmitter tuning stabil-
ity, tuning speed, and system dispersion tolerance. Assuming

DL > 400 ps/nm, this use case is feasible considering ARoF
transceiver equipment supporting Uy, = 8.2nm/s and tol-
erating up to Bogp = £14 GHz. The calculated laser drift
tolerances A fiu for such a 4 x4 UPA implementation
considering DL = 602.5 ps/nm and DL =341.6 ps/nm are
250 MHz and 451 MHz, respectively.

5. CONCLUSION

Due to the high path loss and directionality constraints of
mmWave propagation, beamforming is essential for maintain-
ing wireless link robustness, while system architectures based
on AROF fronthauling ensure a fully centralized low-latency,
high-bandwidth solution. This paper addresses the feasibil-
ity of integrating such mmWave systems with legacy PON
infrastructures, by examining the spectral compatibility of cen-
tralized A-to-AE beamforming schemes that leverage fiber CD
within standardized DWDM grids. We perform per-use-case
feasibility assessment using a numerical framework developed
for the evaluation of supported and required beamwidths while
accounting for link distance, carrier frequency, and practical
component and fiber coexistence constraints. We find that, in
use cases operating beyond the FR2-1 band, RRH architectures
incorporating electrical upshifting enable spectral efficiency
optimization through the selection of AROF carrier frequen-
cies that meet beamforming requirements, while minimizing
spectral demands under fixed DWDM grid constraints.

The feasibility analysis across three representative high-
capacity mmWave access use cases, elected to broadly span
fixed broadband, immersive communications, and dense
indoor connectivity, highlights the impact of system disper-
sion, tuning speed, and ARoF transceiver capabilities under
DWDM coexistence constraints. For FWA in FR2-1, high
ULA element counts and wide steering angles necessitate
dedicated fiber infrastructure due to the incompatibility with
fixed dense WDM grids. For XR/HC in FR2-2, electrical
frequency upshifting (RRH /) enables critical carrier frequency
optimization, supporting finer 3D beam control and stability
tolerance with equal total dispersion. In IH scenarios, feasibil-
ity is achievable under broader dispersion tolerances without
the need for frequency upshifting at the antenna site (RRHy),
although the beam steering resolution achieved depends
strongly on the balance between the ARoF transmitter tuning



speed and optical guard band allocation. These results vali-
date the need for use case-specific implementation strategies
to ensure spectral coexistence under stringent beamforming
requirements in practical deployments.
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