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Abstract — Several system applications require optical
transmission of very high bit-ratedigital aswell asmicrowave
and millimeter-wave carrier signals. Without completeness, a
few recent applicationsare mentioned such as: 5G and Radio-
over-Fiber (RoF) systems, Gigabit Passive Optical Networks
(GPON), optical interconnection within Cloud for
telecommunication Network Elements (NE), upgrade of
mobile access, backhaul and core networks (NW) or phased
array and antenna beamforming applications. Both
chromatic dispersion and harmonic distortion result in
unwanted limitations in the maximum distance and
bandwidth. Dispersion penalty has been widely investigated
in fiber-optical links transmitting microwave or millimeter-
wavesignals. However, lessattention isaddr essed to the effect
of the harmonics of the modulating fundamental electrical
signal. Thispaper presentssometheor etical and experimental
results estimating the level of harmonics during the optical
transmission.

Index Terms— microwaves, Radio-over-Fiber, 5G, optical
transmission, single-mode fiber, har monics

. INTRODUCTION

Transmission of radio-frequency (RF) signals over aptic

fiber gained significant interest in the last decafie9)].
Several new perspective applications like 5G andidrad

over-Fiber networks or Cloud for telecommunication

(“telco-cloud”) require wideband optical links apijply
either laser diodes (LD) or external modulators (Big.
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Fig.1. Optical modulation witaW frequency
a.)direct by LD and b.) external by MZM.

When using standard single-mode optical fiber (Shif)

A=1550 nm wavelength for such wideband transmissiol
systems (Fid.), chromatic dispersion (CD) of the optical

fiber becomes one major limiting factor. At the outptit
the optical system, undesired harmonics appear désid
wanted signal, in case of bdth1300 nm and=1550 nm.
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Several factors contribute to the undesired harnsoriitie
nonlinearities of the electrical-to-optical (E/O)dathe
optical-to-electrical (O/E) conversions, signal inmpugat

the fiber input, dispersion in the optical transmissiod
coherent beating in the photodetection at the fmet.

In our paper the fiber length-bandwidth product is
investigated for optical transmission over SMF. la tiext
part, mobile application examples are shown. In Itrel t
part transmission and harmonic measurement setups are
shown. In the fourth part, we present a numerical indide

is shown that the second harmonic of the modulating
electrical signal is always generated in intensitdmated

- direct detection links (IM-DD). In the fifth padf the
paper the different electrode variants of the optica
modulator and the effect of the modulator bias settarg
discussed. It is shown that modulator chirp can rethee
undesired effect of fiber dispersion. The presence of
harmonic signals is verified up to the near-mmW range
experimentally in the last part of the paper.

II.  MOBILE APPLICATIONS 5G, RADIO AND CORE

CLouD, RADIO REMOTEHEAD

Fiber-optic techniques have been widely used ingtyacy
transmission and transport systems of mobile netwogks e

h backbone. Recently more and more new areas demand
extra wide bandwidth what optical fibers can enstihese
applications are 5G, carrier distribution in next gfation
mobile systems, radio and core networks cloudificatio
and interconnections in the converged core #ig.
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Fig.2. 5G access and radio cloudification

5G targets 10 Gbit/s peak user rates, 2 GHz baniutt
latencies of less than 1 ms. The recommended carrier
frequencies for future 5G systems are falling inte th
microwave (W) and millimeter-wave (mmW) ranges of



3-5 GHz, 26-39 GHz. But 5G carrier frequencies ewpn overcome the mentioned drawback of dispersiiz+q1,

to 86 GHz are considered. 25-21.
Another example of the efficient use of fiber-optis due clecita
to the increased capacity demand in mobile backlmaul f network
Single Radio Access Network (SRAN). SRAN allows analyzer
mobile NW operators to support multiple communications S5 99 992 09 00
standards for wireless services (2G, EDGE, 3G, HSP# 1 e BN EEE-E 1
LTE, WiFi etc.) over a common network infrastructime : —_— :
a flexible way. Single RAN technology is designed to <€ ' 1] e« i
support a multitude of sharing options like basebark, R ) port (= E— I’E” 1
mobile backhaul, transport, RF spectrum and commo i E = <0 o
embedded O&M. The consolidated hardware (HW) anc I Sesaissassafesss] Soea |
software (SW) incorporate e.g. software-radio, maltib W : = - W
and Multiple-Input Multiple-Output (MIMO) antenna in | 1 out
solutions. In the mobile backhaul part legacy acces Y j boxt poxt 4

. . . H . 1 01 02 1
microwave links cannot fulfill any more the signifitly * | R ( 5 )) > | *
increased capacity demands of cell sites. The hig|go T 2 km SMF "ok
frequency fees for the wider RF bandwidth allocation
makes fiber installation or lease costs in longer tern IM optical IM optical
competitive. In dense urban areas, several othertalso signal in ~hort fiber signal out

limit the installation of newpyW/mmW links: parabolic _ _ o ) _
antennas cannot be installed on rooftop of histbrica Fig.4. Fiber transmission measurement with actedzl

buildings, there are latency and interference limits. network analyzer extended to the optical domain
shown in Fig3 fiber-optical chaining of remote radioheads .., s, 1oq wec 1048 rer o as -
(RRH) may provide solution for such scenarios. " 7 105 ¥29 96 GHz
i i 5am e 5]
RRH, ~~ RRH, " RRH, RRH, ot B s
2 |iesz2$916 Qhz b iR
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Fig.3. Optical chaining of Remote Radio Heads 4
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Ill.  TRANSMISSION OFWIDEBAND SIGNALS
OVER SINGLE-MODE OPTICAL FIBER START .@S0 PO B0 GHz STOP 20.000 000 PPO GHz

Fig.5. Measured dispersion penalty as a functfqi/é
frequency (intensity modulatioh,= 60 km fiber).

The optical transmission of high-speed (Gigabit/gjtdi
signals as well agW or millimeter-wave analogue signals
(e.g. for 5G carrier distribution) is significantlyrlited. The test setup for harmonic distortion measurements is
The main limiting factors are fiber dispersion andimamic ~ shown in Figo. On the transmitter side a laboratory
distortion. Chromatic dispersion can be measured with &licrowave signal source is driving the E/O converter
electrical network analyzer that is extended inedptical (HP83420A Lightwave Test Sef=1300nm). At the
domain, as shown in Figy.Usually, a very short reference reception side a microwave spectrum analyzer (HR856
optical cable is used for calibration. Fighows measured is connected to the output of the wideband photatizte
transmission curve as a function of the iNtensity upsssin synthesizea sweeper

modulation (IM) frequency. As seen, the penaltyhie t ?
optically transmitted analogue RF signal is crucia do
CD. The plot belongs to an optical SMF length of
L=60 km. Sharp transmission zeros are visible arourgj 7.6
13.46 and 17.58 GHz frequencies. As seen inSFifpe
rejections of the optically transmitted signal are enor
frequent at higher frequencies. The frequencieshef t
transmission zeros are depending on the fiber ldngthat
makes system design even more difficult. To our bedhe detected harmonic components of the optically
knowledge, the effect of chromatic dispersion has bedrnsmitted RF signal are shown in Figlhe fundamental
published and experimentally demonstrated firsBinlp-  signal was swept in thix=130-330 MHz range. Strong
11]. Several different methods have been proposed second and third harmonics are visible in the 26044612

new focus
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Fig.6. Detecte@" and 3 harmonics (260...990 MHz) of an
optically transmitted RF signal (swept in 130-3361&).
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and 390-99MHz ranges, as it was detected by thé\tthe detection side the amplitude and phase afpkieal

wideband photoreceiver and spectrum analyzer. field spectral components are determined by the dptica
ARG BB i transmitter (LD or external modulator) as well as by th
AL —10.0dBm _ i0cB/  2i2MHz parameters of propagation in the dispersive fiet. [In
aAxX D/ E DETECTEDQ . .
g+ neEWw Fbous| Fo this part, based on the coherent model ofpitAé optical
. link, we simulate the effect of chromatic dispersionhe
212 MHz general case of several spectral lines. &ghows the

amplitude of the optical field, calculated at thepout of

o the Mach-Zehnder Modulator (MZM) that is biased for
" _ . linear operation (also called as quadrature biask-gg®).

Il In the coherent model the calculation is based ewfhical
W e field Eop and not on the optical intensityy. Coherent

[ models can properly explain the presence of different
] harmonics of th@gW modulation signal.

START 100MH=z STOP 1.4100GHz A | V.
*RBW 300kHz *VBW 1.0kHz #SWP 100sec opt( mod) maximum
Fig.7. Detecte@" and 3! harmonics (260...990 MHz) of an L R N

optically transmitted RF signal (swept in 130-3361).
lin/2 o /* quadrature

IV. NUMERICAL MODEL OFHARMONICS AND
DISPERSION INOPTICAL TRANSMISSION \
A

minimum
The output optical spectra of both direct moduldseser 0 % ! ”
diodes and external optical intensity modulatorstaion Vimod
sideband peaks around the optical carrdéx, [L5, 19-2B o
At very high IM frequencies falling into theW/mmw Vo
range, these sideband peaks have a frequency sepamatio Fig.9. Transmittance and bias of the Mach-Zehiigslulator
the order of 10 GHz or even beyond. These spectrlgl . . . L
components propagate with different speed in thecabpti |g.lQ presgnts S|mulat|on resgltg of harmonic evolutlon.m
fiber due to chromatic dispersiohG, 24, 27. The typical the dispersive optical transmission based on the optical
dispersion value of standard SMF is abat.7 ps/nm/km field of Fig8, which is launched into the fiber. As seen in

aroundA=1550 nm wavelength. As a result, depending Oﬁig.lo, also second harmonic ar_1d h_igher or_cler harmo_nics
the fiber lengthL and the IM frequencyks, a complete are generated due to propagation in the disperdbes. fi

rejection of the modulation content can happen. fidveer (Fiber, modulator and photodetection losses are cegle

: : i by normalization.) According to the measurements of
[PSRFlolf T; (;Igctar!?cal signal detected at the PD is gasn Fig.4 - Fig.7, the transmission is distorted by harmonics

g ) and rejections at specific modulation frequencies.
LBl 20Iog‘cos(cDT|L(fRF/fopt) )\ Eq.1. Pre[dB]
In the simple analysis, only three spectral lines are 9 [ — DC
considered in the optical field of @) at the SMF input. ! //d_— A
This approximation significantly reduces the caldaolat 3¢ N /\\Vf\ [\Y’\M{
difficulty, so it is possible to derive the result Bfj.1 -50 2m/ \ / ' \( \ \/ \ V {
analytically. In the general case, however thecapfield / ) \ |
is composed of several spectral at the fiber input&Jig / \ ”
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[Eon(@] [dB] | [ V
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Fig.10. Detected signals after propagation in
dispersive fiber o£=19.2km, input optical field as Fi§.

-250

When the MZM is biased for linear operation (quadeatu

-350 point in Fig9), there are only odd components present in
-10 -5 _?_ the optical intensity40]. However, in the optical field both
o + ke even and odd spectral components are present8)Fig.
Fig.8. MZM output field: DC bias for linear opeit, When this optical field is launched into a SMF, doe t
Y=Voc/Va=0.5,a = VrRi/Vr=0.4. chromatic dispersion even intensity components will
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appear after propagation. Calculated levels of haftno heterodyning techniquelf], and optical single sideband
signals are shown in FiI0. Since the phase of the (OSSB) modulation are proposed. These solutions are
harmonics are rotated faster in the fiber than phasieeo described in the literature in detailslf27.

fundamental signal, the second harmonic has two tiiines,

third harmonic has three times more rejections between V- EFFECTS OFOPTICAL MODULATOR TYPES

two rejections of the fundamental. As mentioned, this AND BIAS SETTINGS
phenomenon cannot be explained by the incoheretiélmo The model discussed above is quite general: the diowla
of thepW optical link [8, 10-27. method is suitable for calculating the simultaneouscesfe
Pre[dB] of fiber dispersion, modulator biag9, 3Q in external
0 modulation or chirp (also known as Henry-factorjlméct
modulated laser diode&9-26. The push-pull MZM B1-
DC 33] and its possible cross sections are shown irlBig.
-20 —_—— e T T T S TN ]
2nd Iin GND
O

\I\
-40 mU\A
4th
-60
U
I oul(t)
-80
0 5 10 15 20 25 30 Ground Vinoc(t) Ground Ground Vinoc(t) Ground

modulation frequency fgre [GHZ] :@@E hL L hL
Fig.11. Detected RF signals after propagation in LINbO: MM

crystal
dispersive fiber o£=19.2 km, input field as Fig2.

Fig.13. Push-pull MZM. Possible cross sectionpusth-pull MZ

When the MZM is biased for minimum transmissidhif modulators having symmetric CPW electrodes.

Fig.9), the second harmonic of the modulation signal will
not be rejected, even after propagation in a sekeréong  gyrface plot of Fig.4 presents the calculated level of the
dispersive fiber (Fid.1). The reason of this phenomen(_)n iYjetected signal at fundamental frequency, as a funofio

the coherent beating at the photodetector, as @quldn  finer jengthL and modulation frequendys.
[21-24. In this case the phase differences cannot create

complete rejection, since the optical carrier is sepped  detected power [dBm]
as shown in Fig.2. [

0 ; - AE . e
[Eopt(w)| [dB] 5 : 50 %

Bore """""""" ‘ ' """"""""
N AE
-100 B0
-150
-200
-250F- an
-300f- 5
H 40
250 ; : K f'?_er [fn%th ° modulation frequency
- ; ; : m
10 5 0 5 10 fre [GHZ]
) Gy + k"_‘hF ) B Fig.14. Detected power level pfV signal transmitted optically
Fig.12 MZM output optical field at DC bias for mimum in dispersive fiber. Linear modulator biasyof0.5,a =0.25,
transmissiony = Voc/Vr = 1,0= Vri/Vr = 0.4. D=17ps/km/nm, photodiode responsiviBep=0.35 A/W.

As an advantage of the suppressed carrier opticghe voltage on the MZM can be written as:
modulation (SCOM), only the subharmonic of the desired

pW/mmW signal is required to drive the optical modulato Vimod (1) = Vo + Vrr (1) Eq.2.
This method can be used for RF frequency doublidyy [ whereVpc is the bias voltage angkgt) is the modulation
Based on the idea presented in &ifj2 different optical signal. As seen in Fig, the Vpc bias voltage drives the
methods are investigated to overcome the chromaticodulator to its linear (called as quadrature) @rits
dispersion effect. Dual mode laser diod&6]][ self- minimum transmission (so called half wave voltage:
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Vbc = V5 point. The normalized modulator bias voltages VI. EXPERIMENTAL RESULTS

are denoted as: . .
Fig.17 shows the photograph of the experimental setup.

y=Vod/Vr Eq.3. The electrical and the lightwave sources, as well as th

a = VrdVn Eg.4.  optical modulator were HP laboratory instruments:
and they are introduced for calculation simplicitythe HP83422A Lightwave Modulator, HP83424A Lightwave
simulation programZ4]. Compared to the fiber penalty CW Source, HP11982A Lightwave Converter. All the HP
plot of Fig10 now the losses due to optical modulation aimstruments were connected to the controlling compute
well as detection have been introduced in the moBel. over Hewlett-Packard Interface Bus (HP-IB). Theicgt
better visibility, the linear fiber loss is neglectedrigl4.  CW source was set to launth1550 nm wavelength. The
In Fig.15 asymmetric co-planar electrode configuration ifrequency of the electrical signal sourdg-, which
shown. As seen in the left cross section, unbalancewbdulated the optical transmitter, and the centeuizacy
operation is possible in this case too. The differenc# the spectrum analyzer have been set simultanebysly
compared to the previous push-pull MZM electrod¢he measurement control and data acquisition softii#re
configuration results in a higher level of modulathirp. VEE). First the spectrum analyzer measured the level of
The “single-arm” MZM gives different output optidild the detected fundamental signal, then it @nd 3

than that of the push-pull MZM (presented in ER). harmonics. The spectrum analyzer used the ‘peak search
function to find the signal peak of the measured loaim
L Vinoc(t) near the center frequency, that was programmed &y th

controlling computer via HP-IP.

U

LiNbO; loul(t)

Ground Vinoc(t) integrated Ground  gold Vmod(t)
optical ’/eleclrodw
‘waveguide

put T Ld

ST O

LiNbO; substrate LiNbO4

Fig.15. Asymmetric CPW electrode MZM and its plokes
cross sections: unbalanced and push-pull operation.
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Fig.16 plots again the calculated power level of tw :
signal detected at the fundamental frequency asciidumn Fig.17. Photograph of the experimental setup

of modulation frequencfgr and fiber length.. Compared for the fundamental RF level measurements

to Figl4, now the frequency of the first rejection is a bit_. ) . . . .
increased in Fig6 and a slight overshoot can be seefrirst the optical transmission was calibrated by insgri

before it. It is due to the combined effect of madet chirp  SNOTt optical fiber between the optical modulator el
and fiber dispersioreb, 26, 2& photodetector. Fid8 refers to the calibration with a short

patch cord. Then the detected levels of the fundéahen
second and third harmonic signals have been measured by

detected power [dBm
P [ ] the computer controlled spectrum analyzer.

=500

s ' i i i i i
-55 1) | | | | |
_10 | _ I . I . I I I

w0 i ; H L =4m optical fiber used asrleference Fortiber

-20 AAA,
T 3 V0V FUUTVIIY FOUTROTIT FVVIRPIN NPYVIVINPIIUIIIN
8 -0 A
% 50 w2
E’ 60 e 3d ||
begtentultetezens e
30 o A L e T L
oy . l_..--|: epieie
fiber length 5 o 1® -80 et
L [km] 0 modulation frequency, fre  [GHZ] 2 3 4 5 6 7 8 9
— modulation fx (harmonic frequencies: 2*f., 3* for) [GHZ]
Fig.16. Dispersion compensation by the chirp of . o . . .
the unbalanced (one arm modulated) MZM. Fig.18 Calibration with a short optical fiber.
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Different single-mode fiber lengths &f= 30, 40, 50 and harmonics are estimated by the developed coherergimod
60 km have been measured. The measured results Brperimental examples have shown clearly the presence
normalized to the calibration. This way the frequencand evolution of harmonics in ti@V photonic link. It was
dependent E/O and O/E conversion losses have bedtown, that similarly to the fundamental signal, the

removed from the results plotted. Hi§. shows the
measured transmission for the fundamental sifgpal he
frequency was swept in the rangd@E2-9 GHz.

-10

SSaua,

-20

Rt o0 TS|
k)

30l

@
=
c
9 -40
N
§ -50 ~ =30 km \f
g o = =40 km x{ f
’ —~-1.=50 km \ /
-70 ~ =60 km ¥
w1
2 3 4 5 6 7 8 9

fundamental frequencig[GHz]
Fig.19. Measured transmission for the fundamesiggilal:frr.
Fig.20 shows the 2 harmonic in the range of f3==4-18
GHz. Finally, Fig21 plots the & harmonic in the

frequency range of &=6...26.5 GHz (the upper band
edge was limited by the frequency range of the sperctr

analyzer). As the fundamental signal, the harmonies al

exhibit minima and maxima. The exact frequenciethef
measured minima and maxima are depending on the fi

lengthL, as it is expected from the numerical model. Th

transmission zeros are more frequent at higher freziee
10

5 AN -
. = S
S b | AR e T
%-10 ‘ A “‘\“J/\“‘\‘\\A. x,fmﬂ M&W\ \\ i.\
é s “ e“\f?«\u i %X LX‘\ XE:
§-zo e, ~ ALY ~+1=30 km \ p /%
g -25 % ¥ = 1=40 km % [x*x Tf
-30 .ﬂm -1 =50 km \ / W /
-35 ""\j\ *\L:GO kr‘n o o
-40
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6 8 10 12 14

second harmonic frequency:fg[GHz]

16 18

Fig.20. Measured transmission for tfé2armonic: 2frr.

CONCLUSIONS

harmonics also exhibit minima and maxima due to
propagation in dispersive fiber. It was shown thatyt
considerably influence the maximum available banttwid
and fiber length.
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Fig.21. Measured transmission for tf&marmonic: 3fre.
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optical intensity at modulator output
fiber length (usually in km)

laser diode

Lithium Niobate crystal

wavelength (usually in nm)
microwave (RF signal)

multiple-input multiple-output
millimeter-wave (RF signal)
Mach-Zehnder modulator

network element

network

optical-to-electrical conversion
operation and maintenance

single sideband (modulation)
photodiode

power of the fundamental signal
power of the second harmonic

power of the third harmonic
polarization mode dispersion

radio frequency

photodiode responsivity (e.g. mA(el.)/ mW(opt.))
radio over fiber (systems)
suppressed carrier optical modulation
single-mode (optical) fiber

single radio access network

remote radio head

bias voltage of the optical modulator
half-wave voltage of the modulator at bias port
5" generation mobile NW



