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Abstract — Modern communication systems, such as mobile
5G and future 6G require ultrawide bandwidths and low latencies
in the anyhaul (i.e., front- and backhaul) networks interconnecting
the data center and cloud-core with the subscribers through cell
sites. Extremely high data rates and low latencies are expected in
several applications. When integrating the building blocks into
complete networks, a strict limitation is raised by the optical fiber.
Dispersion effects significantly reduce the bitrate-distance product
between the optical nodes. In the paper the effect of chromatic
dispersion limitation is investigated both for baseband digital data
and for microwave and millimeter-wave radio-frequency signals
(RF), e.g. RF carriers. Experimental verification shows the limited
bandwidth of the singlemode optical fiber as a function of fiber
span and modulating frequency. In feasible systems the focus is on
flexible and future-proof architectures. Future 6G and actual
4G/5G hybrid wireless-optical networks have simultaneous
economic and technical goals to provide increased throughputs.
Due to the high density of the cell sites it is crucial to reduce energy
consumption, size and costs of radios and remote antenna heads.
Some system design rules of thumb are listed in the paper, and
finally the RF carrier generation methods are reviewed in the
paper.

Keywords — 6G, 5G, 4G, anyhaul, optical fiber, microwaves,
millimeter-waves, chromatic dispersion, RF carrier, FSO.

. INTRODUCTION

The various domains of wired and wireless optical and
radio transmission of digital baseband (BB) and radio-
frequency (RF) signals are widely discussed in the literature
[1]-[9]. Wideband electrical and optical components with
exceptional bandwidths —even beyond 100 GHz- are
commercially available since several years [1]-[12]. Many
scientific papers focus on leading, top and world record results.
Such results are often achieved using optimized or special
environments, under experimental conditions, demonstrated in
laboratory, e.g. using novel modulation modes or tested only
for reduced distances [10],[13] or with limited number of users
[14]. However, actual 5G and future beyond 5G (B5G) or 6G
systems require industry level reliable and flexible solutions,
that are running in real-life conditions and even under extreme-
ly high traffic loads. In our paper first we describe the effect of
chromatic dispersion when BB and RF signals are transmitted
optically over standard singlemode fiber (SSMF). The
approach is generic, we focus on feasible system design [15]-
[18]. Finally, the various system proposals are overviewed that
support the goal of achieving smaller, simpler, and cost-
effective solutions for mmW carrier generation [19]-[23].

Il. NETWORK REQUIREMENTS AND EXPECTATIONS

For feasible business cases, reasonable cost-benefit and
predictable return of investments (Rol) are required [24]. Such
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approach mandates network components having simplified
architecture, affordable price and realistic size without risking
the goals of Rol, flexibility and operability. At the same time,
all network components are expected to support remote con-
trol, configuration and management jointly with data collection
possibility for performance monitoring and network statistics
[14]. Even though dispersion shifted fibers are available, it is
not reasonable to replace existing fibers in running networks
that provide service for thousands of subscribers. The typical
network (NW) topology is shown in Fig. 1, where the optical
anyhaul is extended by wireless transmission, e.g. by mobile
and fixed microwave (UW), by fixed millimetric-wave (mmW)
radio links and free space optics (FSO). The focus is on
commercially available components, and we evaluate the
reviewed methods from system applicability point of view.
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Fig. 1. 4G/5G/B5G/6G hybrid wireless-optical network.

Increasing density of 5G/4G and forthcoming 6G radio cell
sites mandate smaller size, lower cost and energy-efficient
radio transceivers and antenna heads [25]. Fixed wireless (LW
and mmW) radio hops and FSO links connect remote antenna
heads, which do not have (yet) direct fiber-optical access.
Fig. 1 shows the high-capacity fiber-optical ring (e.g. DWDM
and GbE: dense wavelength division multiplexing with Gigabit
Ethernet) connected to wireless nodes. The general system
requirements expected from the network elements are high
throughput, i.e. Gigabit/second (Gbps) bit rates, small size, low
power consumption, possibility of beamforming with high
antenna gains to access both fixed and mobile subscribers [1]-
[4]. Frequent network expansions and optimization mandate
remote control for the baseband, RF and optical units,
including several parameters, such as selectable channels, RF
carriers, modulation mode, bandwidth, data rate, etc. [25]-[28].



Asitis discussed in parts I11 and IV of the paper, chromatic
dispersion of the SSMF significantly limits the transmission
performance both for BB digital and for analog RF carriers or
modulated RF signals. In digital systems, dispersion results in
broadening of the transmitted pulses. Overlapping symbols
cause inter symbol interference (I1Sl), and finally degradation
of the link bit error rate (BER). The effect of chromatic
dispersion in time domain is visible as broadening of the pulses
that compose the baseband digital signal. In digital trans-
mission, dispersion of the optical fiber limits the maximum
number of information bits (or symbols), which can be
transmitted within a time period through the fiber without over-
lapping. Dispersion broadens all the consecutive pulses,
forming each received symbol overlapping several adjacent
symbol intervals. In the microwave frequency domain, the
transfer function of the dispersive optical fiber is a lowpass
filter with multiple ‘bandpass filter-like’ ranges in addition.

I11. EFFECT OF DISPERSION ON DIGITAL SIGNALS

Around the optical carrier wo the propagation constant S(w)
can be approximated by a Taylor-series (up to the second
order) [4],[29],[30]:
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Having an optical spectral bandwidth A®w = wmax — @min Of the
signal to be transmitted, the propagation time difference AT at
the end of the L km long optical fiber is [4]:
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where tg=L/vy is the group delay, and vy = dw/dp represents
the group velocity. Substituting Aw=-2nCAA/A3,,, into equation
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As seen in equation (3) the time difference AT is proportional

to the fiber length L and the spectral width AA of the modulated

optical signal. The constant of proportionality D [ps/(km-nm)]

is called the dispersion parameter [4],[30],[31]:
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Several papers discuss chromatic dispersion as a function
of wavelength [29],[31]. Around ot = 1310 nm the Standard
Singlemode Fiber (SSMF) has nearly zero dispersion. Un-
fortunately, at Aot = 1550 nm, the typical dispersion parameter
of SSMF is around D = 17 ps/lkm/nm [2],[4],[29]-[32]. Broad-
band 4G/5G/6G anyhaul networks employ multiple optical
channels operating at different wavelengths [2],[6],[7].[9],
[10]. It is emphasized, that in such transport networks, e.g. in
DWDM systems, capacity expansions are required continuous-
ly. Due to regular expansions, optimizing high-speed baseband
transmission for specific low-dispersion wavelengths would
not result in a future-proof solution for flexible systems. There
are low dispersion wavelengths at some channels, where D is
small enabling higher bitrates. But as more and more optical
channels are involved, some other channels would suffer
higher dispersion, since the demand is continuous for increased
throughputs. On the other hand, in urban and in dense urban
environments, the optical-fiber lengths can be kept relatively
short. Maximum L is typically a few tens of kilometers
between the connected optical nodes, e.g. GbE routers or add-
drop multiplexers (ADM) [7],[16]-[18],[32].

The analog bandwidth B required by a digital baseband
signal is depending on the modulation mode, bit rate R and the
exact pulse shape of the line code, e.g. return-to-zero (RZ), or
non-return-to-zero (NRZ) code. Advanced optical modulations
employ symbols instead of bits, e.g. n-PAM, pulse-amplitude-
modulation, or optical QAM [33]-[36] but reduce hop length
and increase the complexity. Assuming NRZ code, a -3 dBe
(electrical dB) bandwidth of B = 0.75-R can be considered, see
for example Agilent application note for SDH filters [37]:

B [Hz] = 0.75 - R[bit/s] = 0.75/Tp; . (5)

Approximation of B with 75% of the bit-rate R in equation
(5) isa general ‘rule of thumb’ without any specific optical link
or Signal-to-Noise Ratio (SNR) requirement. IEEE GbE task
force defines standardized filters for reference receivers. For
25 Ghbps receivers, the -3 dBe filter is defined as B = 0.75-25 =
18.75 GHz [17]. As another example, let us consider a BB
digital NRZ signal of R = 2.5 Gbps (~ transport mode STM-16
in synchronous digital hierarchy, SDH). The spectral width in
electrical domain is approximated as B=0.75-2.5=1.875 GHz
[37]. The pulse duration Tywii=1/R = 1/(2.5 Gbps) =400 ps.
The pulse broadening AT —in time domain— can be estimated
using equations (3)-(7):
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where c is the speed of light. The relative pulse broadening of
AT/ Tyit (calculated with D =~ 17 ps/km/nm fiber dispersion) is:
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For the 2.5 Gbps STM-16 signal, equation (8) gives less
than 4% relative pulse broadening for fiber spans up to 60 km.
For 10 Gbps data rate however, the pulse broadening can reach
40% at 40 km. Thus a significant pulse overlap —and such an
eye closure— is expected [34]. This leads to BER degradation
in the digital link. Table I summarizes calculated and measured
electrical bandwidths (BW) of L = 10, 20, 30, 40, 50 and 60
km standard singlemode fibers, around the optical carrier Agpt=
1550 nm. Using the electrical BW — bit rate relation of equation
(5), estimated NRZ throughputs can be calculated. Please note,
that lower fiber dispersion values, special pulse shaping
methods (i.e. roll-off factor [33]), optimized transceiver
structures, or changing NRZ to 4-PAM can result better digital
throughputs compared to the values indicated in Table I [34].

TABLE |. BASEBAND THROUGHPUT ESTIMATION (Aop = 1550 nm)

fiber length calculated measured calculated NRZ
L [km] -3dBBW [GHz] -3dB BW [GHz] throughput [Gbps]
10 13.536 Fig.5 18.05
20 9.572 Fig.6 12.76
30 7.815 Fig.7 10.42
40 6.768 Fig.8 9.02
50 6.054 Fig.9 8.07
60 5.526 Fig.10 7.37

The maximum fiber length Lsgs with 3 dBe electrical passband
for modulation frequencies fre can be calculated as [4],[30]:

c - arccos(107%15) c )
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The RF and opt indices differentiate between radio (GHz) and
optical (THz) signals. Rearranging eg. (9) for frr at 3 dB BW:

L3gp (D: fres Aopt) =
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Fig. 2 plots the relation of -3 dBe electrical bandwidth and
expected NRZ bit rates as a function of fiber length L.
(Dispersion parameter D=17 ps/km/nm has been used in the
calculations.)

fRF(Dr L' Aopt) ~ (10)

Calculated 3 dBe BW and NRZ bit rates as a function of fiber
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Fig. 2. 3 dB bandwidth values and expected NRZ bit rates,

calculated as a function of dispersive fiber length L.

IV. EFFECT OF DISPERSION ON RADIO FREQUENCY SIGNALS

Considering optical Intensity Modulation / Direct Detec-
tion (IM/DD) transmission over dispersive fiber links, the
detected optical power suffers significant penalty from
chromatic dispersion (Fig.3-10.) [4],[9],[19],[20],[23].[32]. At
specific fre modulation frequencies, the RF signal is complete-
ly rejected, as it is seen in equations (11)-(12) [4],[30] and in
Figures 3-4. The rejected pW frequencies are also clearly
visible in our laboratory experiments: the measured fiber
transfer functions are plotted in Fig. 5-10. For comparison, the
calculated 3 dBe bandwidth frequencies are marked in the
measured fiber transfer function plots with blue dashed lines
(Fig. 5-10). Please note, that the entire optical link is treated as
a microwave two-port. The transmitter and receiver side
electrical-to-optical (E/O) and optical-to-electrical (O/E) con-
versions are included in the calibrated measurements [38]-[42].
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Table Il lists the calculated and measured first and second
microwave rejection frequencies (frerej1, frrrej2) for different
optical fiber lengths (L=10 to 60 km in 10 km steps).

TABLE Il. REJECTION FREQUENCIES OF IM/DD OPTICAL TRANSMISSION

tested calculated measured calculated measured
fiber length 1% rejection 1% rejection 2™ rejection 2™ rejection
L [km] [GHZz] [GHZz] [GHZz] [GHZz]
10 19.158 18.522 33.182 >> 20
20 13.546 13.217 23.463 >> 20
30 11.061 10.833 19.158 19.3
40 9.579 9.301 16.591 16.5
50 8.568 8.353 14.839 14.9
60 7.821 7.677 13.546 13.482

As seen, due to the unwanted effect of chromatic
dispersion, the bandwidth of standard single-mode optical fiber
cannot be considered as nearly ‘infinite’. At any fixed frr

modulation frequency, the optically transmitted IM/DD signal
may suffer complete rejections, periodically as a function of
fiber length L. In the frequency domain, these rejections are
visible more and more often with the increase of the frr
modulation frequency.

As a conclusion, the SSMF bandwidth is significantly
limited when optical carriers are used around Aot = 1550 nm.
As seen in equation (11) the fiber penalty function is periodic
as a function of fiber length. Fig. 3 plots calculated penalty for
millimetric-wave carriers of 42 GHz, 58 GHz and 80 GHz,
which are typical frequencies already used in the anyhaul of
5G/4G systems and also good candidates for future B5G/6G
anyhaul networks. In frequency domain, the rejected
frequencies are more and more frequent.

Transmission penalty of 42 GHz, 58 GHz and 80 GHz carriers as a
function of dispersive fiber length L (D=17 ps/km/nm, A=1550 nm)
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Fig. 3. Calculated transmission penalties for fre = 42 GHz, 58 GHz

and 80 GHz millimetric-wave carriers delivered over SSMF.

Fig. 4 plots the rejected microwave and mmW frequencies
as a function of fiber length. In flexible anyhaul networks, due
to topology changes or dynamic re-routing, L may change over
time [18],[43]. Fig. 4 indicates the difficulty of the optical
transmission of such high frequency carriers when fiber
dispersion cannot be neglected. In realistic environments and
in network planning practice it is very difficult to transfer
mmW carrier frequencies over long fibers that have dispersion.
When special dispersion compensation techniques or specified
fiber lengths are used, the flexibility in a dynamically changing
dense network mesh is lost. In real-life 4G/5G and future 6G
networks, new and newer cell sites must be frequently
integrated. On the other hand, old site locations often become
obsolete and must be demolished. In dense urban environments
having high new buildings, chimneys, (temporary) cranes or
growing trees the radio signals may be blocked. As the built
environment changes continuously, the 4G/5G/6G networks
must be able to react for these changes quickly. Fixing hop
lengths or well selected frequencies to constant values is not a
viable option in flexible and commercial networks.

rejected RF frequencies as a function of dispersive fiber length L
(D=17 ps/km/nm, A=1550 nm)
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radio-frequency signal fzr is completely rejected.



CHL Sy» log MAG 10 dBs REF B dB 1l:-35.881 dB
bp 18, 522 @82 B47 GHz
PRm
c?
MARKER 1

p—

|V

4
3

y—

050 B0 008 GHz STOP 20. 000 000 BB GHz

START

Fig. 5. The experimental laboratory setup and magnitude of S,; parameter,
measured with L=10 km fiber, fre ;1 =18.522 GHz.

CHL Sy» log MAG 1@ dB/ REF @ dB 1: -48. 034 dB
" 13[ 217 $78 293 GHz
PRm
oz MARKER 1
13| 217378259 |GHz
."h"\"_\ﬂrw
— 0t d
“T\\ M»M‘"
A A
| 7
I \
| M|
|
|
|
|
|
|
h
T
|
|
|
|
START . 050 DOO DOO GHz STOP 20.000 020 080 GHz

Fig. 6. Magnitude of S, parameter, measured with L=20 km fiber,
fre o1 =13.217 GHz.
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V. MEASUREMENT OF RF SIGNAL TRANSMISSION

The Agilent Vector Network Analyzer was extended with
a Hewlett-Packard (HP) Lightwave Test Set [4],[23],[30],[37]-
[42] and used for swept analog RF measurements. Connecting
10 km, 20 km and 30 km long standard singlemode fiber-rolls
to each other, systematic IM/DD transmission measurements
have been performed. With 10 km steps, L = 10, 20, 30, 40, 50
and 60 km SSMF lengths have been tested. The magnitudes of
Sz1 parameter are plotted in Fig. 5-10. The calculated 3 dBe
electrical bandwidth (as in equation (10) and in Table I) is
marked with blue dashed line in each plot. The photo insert in
Fig. 5 shows the laboratory test setup. The 1550 nm HP83424A
lightwave CW source [39] was connected to the HP83422A
lightwave modulator instrument [38]. For the O/E conversion
the HP11982A lightwave converter instrument was used [41].

V1. SYSTEM CONSIDERATIONS

Several proposals have been reported for the generation
and optical distribution of microwave and millimeter-wave
carrier signals [4],[6],[10],[18]-[23],[44]. Stable, digitally pro-
gramable and low phase noise local oscillator (LO) signals are
required at the pW/mmW transceiver (TRX) points (Fig. 11
and the radio nodes in Fig.1). The pW/mmW LO signal
generation can happen locally at the TRX locations or remotely
e.g. in a central point [21]. The optical network distributes the
digital Gbps and GbE baseband signals. It seems to be a
straightforward solution to reduce system complexity and costs
by generating the uyW/mmW carriers centrally and distribute to
the radio nodes over the same optical-fiber network that
delivers the baseband Gbps or GbE digital signals. However,
as discussed in this paper, chromatic dispersion effects raise
significant limitations on system level. The optical signal
distribution works efficiently only for short fiber-optical links
and for relatively low carrier frequencies, as it is visible in
Fig. 3-4. For the 60, 80 or 130 GHz bands the optical distribu-
tion is strongly limited by chromatic dispersion of the single-
mode fiber. For example, carrier distribution of 60 GHz with
regards to chromatic dispersion penalty is limited to about
L =1 km fiber length between the central station and the radio
nodes. For 80 GHz, the carrier signal distribution is limited
approximately to 500 meters, and for 130 GHz to approxi-
mately 200 meters. However, fiber-optical links of 5 - 20 km
are typical even in dense urban networks. Dispersion
compensating or dispersion shifted fibers (e.g. ITU-T G.655
[45]) would add additional complexity and attenuation to the
network. Since coherent techniques [36] opened the possibility
for digital signals to compensate chromatic dispersion
electronically, telecom operators prefer to use and deploy
SSMF (e.g. specified by ITU-T G.652.D [46]).

A possible solution to overcome these difficulties is to use
sub-harmonic reference signals [23]. Sub-harmonic signals can
be distributed optically with negligible dispersion penalty. At
the radio node the sub-harmonic signal can be used as
reference for the mmW synthesizer/LO to generate the
required mmW carrier signal. The great advantage of such
optically supported mmW synthesizers is that the TRX
frequencies can be digitally set (programmed and if later
required re-set) according to the radio channel arrangements.
Unfortunately the disadvantage remains that each TRX needs
its own local electronic circuitry, so the overall system
deployment costs cannot be significantly reduced. Another
important aspect is how the mmW carriers are generated. The
two main alternatives are the electrical and the optical
generation of the the mmW signals. In actual 4G/5G systems
electrical methods are dominating for the mmW local oscillator

and carrier signal generation. Even though intensive research
has started nearly three decades ago for optical mmW carrier
generation methods [3]-[6],[15],[22], in commercial networks
the typical scenario remained the local electrical generation of
the 26...80 GHz carriers [18],[26]. This research is
continuously ongoing, forecasting smaller size and reduced
power consumption equipment, (i.e. sustainable products) as
well as targeting more cost-effective solutions [3],[19]-[25],
[36]. Optical heterodyning techniques can beat mmW signals
using optical waves [4],[44]. As traditional frequency bands
(up to 80 GHz) are getting saturated, in future B5G/6G systems
new mmW and sub-THz links (e.g. D-band: ~130 GHz) will
support the mobile anyhaul, beside the legacy frequency bands
[10],[15],[28]. Furthermore, an extremely intensive utilization
of meshed optical-fiber and hybrid mmW/FSO networks is
expected too [1]-[13],[15],[18]-[23],[43],[46]-[48]. These
trends will bring optical carrier generation techniques for
mmW, sub-THz and even for FSO links to reality from both
technical and economic points of view [21],[24],[25].
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Fig. 11. Generation and distribution of pyW and mmW carriers

VIIl. CONCLUSIONS

In the recent decades, a significant breakthrough has been
observed in microwave and millimeter-wave photonics applied
for carrier generation and for hybrid fiber/wireless distribution
of high bit-rate data. Advanced telecommunication networks
demand enormous throughputs. Extremely high data rates are
required in mobile 4G, 5G, and in future 6G systems, as well
as in data centers and in cloud-core networks. To support such
high data rates wider bandwidths are necessary in the anyhaul
networks. Higher mmW carriers (e.g. in D-band) and FSO
links can support these demands. In this paper the limitation of
chromatic dispersion has been investigated. The theoretical
formulas have been verified experimentally by systematic
measurements of several km long optical fibers. It was shown
that chromatic dispersion penalty must be considered in hybrid
optical-wireless networks. Therefore in future 6G systems such
carrier generation methods have excellent prospectives that do
not suffer from chromatic dispersion limitations.
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