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Abstract

The first part of this thesis explores
general options for millimeter wave
transmission over fiber-optic infras-
tructure. Further on, it focuses on op-
tical modulation techniques – optical
carrier suppression in particular.

Most of this work characterizes ex-
perimental millimeter waves over fiber
links – components and basic func-
tionality, data transmission, and data
transmission through optical carrier
suppression link.

Abstrakt

První část této práce je rešerše mož-
ností přenosu milimetrových vln přes
optické infrastruktury. Práce se dále
zaměřuje na optické modulační tech-
niky, obzvláště potlačení optické
nosné.

Větší částí této práce je charakteri-
zace experimentálních spojů milimet-
rových vln přes optická vlákna – jeho
součásti a základní funkce, přenosdat a
přenos dat skrze spoj s potlačenou op-
tickou nosnou.

Keywords

radio over fiber, RoF, RFoF, mi-
crowave photonics, optical carrier
suppression, 5G

Klíčová slova

milimetrové vlny, optické vlákno,
RoF, RFoF, mikrovlnná fotonika,
potlačení optické nosné, 5G
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Nomenclature

5G NR 5G New Radio
BBoF Baseband over Fiber

CP-OFDM Cyclic Prefix OFDM
DC Direct Current

DFT-s-OFDM Discrete Fourier Transform spread OFDM
DIFoF Digitized IF over Fiber
DML Directly Modulated Laser
DWDM Dense WDM
EAM Electro-Absorption Modulator
EDFA Erbium-Doped Fiber Amplifier
FSO Free Space Optics
IF Imtermediate Frequency
LNA Low-Noise Amplifier
LO Local Oscillator
LTE Long-Term Evolution

MIMO Multiple-Input andMultiple-Output
MZM Mach-Zehnder Modulator
OCS Optical Carrier Suppression
OFDM Orthogonal Frequency Division Multiplexing
OSA Optical Spectrum Analyzer
OSSB Optical Single Sideband
PA Power Amplifier
PC Polarization Controller

PDSCH Physical Downlink Shared Channel
QAM Quadrature Amplitude Modulation
QPSK Quadrature Phase-Shift Keying
RBW Resolution Bandwidth
RF Radio Frequency
RFoF RF over Fiber
RoF Radio over Fiber
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Part 1

Introduction

As mobile networks move into millimeter-wave frequencies for wider us-
able bandwidth hence data rates, it is necessary to deliver the microwave
signal overdistances for any sort ofdistributed infrastructures, eitherpico-
cellular networks or distributed antenna system. Such delivery is imprac-
tical using metallic lines due to their high attenuation and costs. Optical
infrastructures can be used instead as a high performance system. Trans-
mitting radio frequency (RF) signal over fiber is simply called Radio over
Fiber (RoF) or RF over fiber (RFoF).

The very generous bandwidth of an optical system can be used tomul-
tiplexmany signals into a single line via wavelength divisionmultiplexing
(WDM). The low fiber attenuation and availability of fiber amplifiers al-
low for transmission over large distances. Furthermore, free space optics
(FSO) can be used to bridge short distances where the cost of laying opti-
cal cables would be prohibitive.

Commercial 40 Gb/soptical components canbeused for immediatemi-
crowave signal transmission, while frequency up-conversion in both RF
or optical domain can be used to transmit even higher frequencies. Pho-
tonic technologies can potentially be used to generatemicrowave carriers
up toTHzbands, andadvancedcoherent opticalmodulations canbeused
to deliver extremely high-bandwidth signals [1].

The goal of this work is to implement and measure a 25 GHz RoF sys-
tem, which is a frequency band in consideration for fifth generation (5G)
networks. Furthermore, optical carrier suppression techniquewill beused
for RF frequency doubling and potential dispersion fading reduction. The
data formats tested for transmission are LTE (Long-TermEvolution) base-
band signals, which are still relevant for fifth-generation 5G mobile net-
works.

First, there will be an overview of relevant technologies. Then, basic
functionality of such system will be verified by simulations. After simula-
tions, an actual RoF setup will be measured for basic functionality. Fur-
ther on, data transmission will be tested for a basic link, and lastly trans-
mission with optical carrier suppression will be tested and compared to
the previous setup.

Radio over Fiber is a technology encompassing wide variety of engi-
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neering fields: solid state physics, semiconductor technology, photonics,
fiber optics, microwave technology, signal propagation, digital commu-
nications, and networking. Therefore it incorporates advances in all of
these fields. The focus of this work is on practical hardware laboratory
implementation of such a system. Therefore the topics will be analyzed
in a limited scope.
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Part 2

Theory

2.1 Motivation

2.1.1 5G Systems

In order to increase throughput and number of devices served, 5G net-
works will utilize millimeter waves as carrier frequencies, mainly for out-
door to outdoor transmission [2]. The particular bands will be allocated
nationallybut thebandsunder considerationsare these [3]: 24.25–27.5GHz;
31.8–33.4 GHz; 37–40.5 GHz; 40.5–42.5 GHz; 42.5–43.5 GHz; 45.5–47 GHz;
47–47.2 GHz; 47.2–50.2 GHz; 50.4–52.6 GHz; 66–76 GHz; 81–86 GHz.

Specific regional allocations are still under consideration [4], however
it seems that there is a wide consensus on the band 24.25–27.5 GHz and
good consensus on the bands 31.8–33.4 GHz, and 40.5–42.5 GHz.

The new air interface of 5G networks is called 5G NR (5G New Radio)
and is, so far, defined for frequencies fromwell-establishedUHF frequen-
cies1, used as of now for LTE, up to 52.6 GHz [2]. It is an evolution of LTE
physical layer and both are expected to work alongside in 5G networks.
NR also accounts for carrier frequencies above 6 GHz unlike LTE, and can
use up to 400 MHz bandwidth per component carrier. It uses CP-OFDM
(cyclic prefix orthogonal frequency divisionmultiplexing) for both down-
link and uplink, with possible DFT-s-OFDM (discrete Fourier transform
spread OFDM) for uplink. The modulations used for PDSCH (Physical
Downlink Shared Channel – user data) are quadrature phase-shift key-
ing (QPSK), and following m-ary quadrature amplitude modulations (m-
QAM): 16-QAM, 64-QAM, and 256-QAM – the same case as in LTE physi-
cal layer. NR uses different channel coding (polar codes and low-density
parity-check codes) dynamic duplexing, and, what is interesting for our
work, beamforming for millimeter waves, that means directional radio
wave is to be expected.

1300 MHz – 3 GHz
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2.1.2 Transmission Medium

The primary motivation for transmitting microwave signals over optical
fiber is howwell anoptical fiberperformscompared to a coaxial line. Con-
sider a Pasternack 2.21millimeter low loss coaxial cablewith copper inner
and outer conductor with a quality PTFE dielectric [5]. Its attenuation at
26.5 GHz is 3.14 dB/m and its price is $31/m. It is essentially useless over
distances larger than a few meters therefore the transmitter needs to be
in a close vicinity of the antenna.

A WR42 waveguide has an acceptable attenuation of about 0.4 dB/m,
but its prices are orders of magnitude higher and it is unwieldy.

A Corning SMF-28 single mode fiber [6] has a nearly negligible atten-
uation (0.2 dB/kmat 1550 nm), and it’s considerably cheaper $3.3/m. RoF
(andsimilar systems) thereforeallowdetaching theantenna fromthebase-
station and/or control unit, which is useful for any sort of distributed in-
frastructure like pico-cellular networks [7], distributed antenna systems
[8], andMIMO (multiple-input and multiple-output).

Another advantage is that RoF makes free-space optics links between
buildings, where optical fiber installation would be expensive, easy to use
with good bitrates [9].

2.2 Elementary Setup

Radio over fiber is, in essence, a very simple system: An already modu-
lated RF signal is modulated on a coherent optical carrier via a kind of
optical modulator: Mach-Zehnder amplitudemodulator (MZM), electro-
absorptionmodulator (EAM), directly modulated laser (DML) or alterna-
tively a phase modulator. The RF signal is reconstructed at the receiving
end by simple detection on a photodiode (in case of amplitude modula-
tion). The signal is amplified and either radiated out (in case of transmit-
ter) or processed (in case of receiver). An example setup can be seen in
Fig. 2.1.

I Q
LO RF

LNA PAMZM

Input

RF Oscillator

DetectorLaser

Antenna

IQ Modulator

Figure 2.1: An example RF setup. MZM –Mach-Zehnder modulator, LNA
– Low noise amplifier, PA – Power amplifier
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2.3 Modes of Transmission

There are multiple ways of delivering the RF signal between the source
and the antenna [10].

• Baseband over fiber (BBoF)

– Baseband signal is transmitted. Detected signal is then modu-
lated on a RF carrier from an oscillator at the receiving side.

• Digitized IF over fiber (DIFoF)

– Baseband signalmodulatedona intermediate frequency is dig-
itized and transmitted digitally over the fiber. Detected signal
is converted to analog domain and up-converted to carrier fre-
quency.

• Digitized radio over fiber (DRFoF)

– RF signal is digitized and transmitted digitally over the fiber.
Detected signal is converted to analog domain.

• Sigma-delta modulated signal over fiber (SDoF) [11]

– RF signal undergoes sigma-delta modulation and is transmit-
ted. Detected signal is filtered, and amplified.

• Intermediate frequency over fiber (IFoF)

– The baseband signal modulated on a intermediate frequency
is modulated on a optical carrier. Detected signal is amplified
and upconverted to carrier frequency.

• Radio over fiber (RFoF)

– RF signal is modulated upon an optical carrier. The detected
signal is amplified.

Different systems impose different requirements upondigital, RF, and op-
tical domain. RFoF is the simplest one from the RF perspective, but re-
quireswidebandoptical components (photodiode,modulator). BBoF isn’t
demanding on the optical side, but requires complete RF circuitry at the
antenna. Digital approaches ease the demands on the optical side (dis-
tortion and nonlinear characteristics of the optoelectronic components),
but require powerful analog-to-digital and digital-to-analog converters.
IF approaches ease the bandwidth demands on the optical (and/or digi-
tal in case ofDIFoF) components, but require frequency conversion in the
RF domain.

Phasemodulation, insteadof amplitudemodulation, in the optical do-
main is an option over dispersive media (i.e. multimode fibers) [12].

The use of systems described above is standardized in ITU-TG.55 [13].
Although it is fairly general, it describes architectures and network mod-
els of the systems summarized above, plus more interestingly it provides



12 PART 2. THEORY

example of LTE over fiber system performance evaluation. The example
will be used as a starting point our for measurements later.

2.4 Millimeter Waves over Fiber

While the optical fiber transmission of mm-waves brings the advantage
of low losses, the fiber dispersion is an issue at suchmodulation frequen-
cies. As two in-phase RF modulation sidebands are generated in case of
amplitude modulation, the RF signal is subject to dispersion. The result-
ing effect is dispersion fading as such: [14]

PRF � cos2
(
πLD

c
λ2

c f 2
RF

)
(2.1)

where L is the fiber length, D is the dispersion (in ps ·nm−1 ·km−1), λc the
wavelength of the optical carrier, c the speed of light, and fRF the RF signal
frequency. The dispersion fading can be as strong as 35 dB [14]; the effect
can be seen in Fig. 2.2. To overcome this problem, either optical single
sideband (OSSB) modulators can be used, or optical double- or single-
sideband suppresed-carrier technique can be used [14].

Using optical infrastructure with millimeter waves has also other ad-
vantages. Optical techniques can be used for generation ofmm-wave sig-
nals. With two lasers, optical phase-locked loop can be used to generate
mm-wave carriers [15]. The other technique is to bias a Mach-Zehnder
amplitudemodulator to its zero-biaspointwhichachieves frequencydou-
bling and dispersion fading reduction as described before [16]. This op-
tion is further examined in section 2.6 on page 15.

Figure 2.2: mm-wave over fiber dispersion fading, taken from [14]. λc =
1550nm, D = 17ps · nm−1 ·km−1
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2.5 Modulator Choice for RoF

2.5.1 Directly Modulated Laser

Directmodulationworks very simply bymodulating the driving voltage of
a laser diode. Themain advantage of this approach is its low cost and sim-
plicity. However, its bandwidth is limited by package ormount parasitics,
chip parasitics, and intrinsic laser limitations [17]:

Chip andmount parasitics are caused by resistances, capacitances, in-
ductances (and resonancesof these) of thephysical realizationof thediode
chipandpackage. These canbe suppressed toadegreebyminiaturization
and advancedmanufacturing techniques. Intrinsic laser limitations stem
from various mechanisms such as: spontaneous emission coupled into
the lasing mode, spatial hole burning combined with carrier diffusion,
nonlinearities due to spectral hole burning andnonlinear two-photon ab-
sorption. These can be summarized as damping from spontaneous emis-
sion and damping from gain compression. These are largely dependent
on output power and population inversion threshold current, hence the
frequency response of a directly modulated laser diode depends on driv-
ing current. Thehigher the output power and the lower the temperature is
the higher the 3 dB bandwidth is. In addition to damping, the bandwidth
is further limited by frequency chirp [18].

The bandwidth of DML is usually limited at 20 GHz, but it offers linear
modulation response, unlike Mach-Zehnder modulators [9].

RF

DC Driver

Bias-T

Figure 2.3: Directly modulated laser diode

2.5.2 Electro-Absorption Modulator

Electro-absorption (EA)modulators are semiconductordevices. Theband
gap is engineered so that the material is transparent at the signal’s wave-
length. When a voltage is applied across the n-p junction, the band gap
moves to the photon energy level and it starts absorbing photons (Franz-
Keldysh effect) hence creating photocurrent, similar to a photodiode. Its
transfer function is

E0 (t ) = exp

(
−∆α [V (t )]

2
L− j∆β [V (t )]L

)
. (2.2)

∆α [V (t )] is powerattenuationcoefficient,β [V (t )] is phase coefficient (hence
frequency chirp) and L is the length of the modulator. Both coefficients
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are strongly nonlinear. Therefore its performance is not as good asMach-
Zehnder modulator. EA modulators can be, however, easily integrated
into laser diode chips as they are semiconductor devices and do not re-
quire LiNbO3 integrated optics.

2.5.3 Mach-Zehnder Modulator

V(t)

Ei Eo

d

L

Figure 2.4: Single electrode Mach-Zehnder modulator.

Mach-Zehndermodulator (MZM) is aMach-Zehnder interferometerwith
one or both armsphasemodulated by Pockels effect, that is: in some crys-
tals, the refractive index of thematerial is linearly proportional to the elec-
tric field applied, which can be exploited for phase modulation [18]:

ϕ (V ) =
(

2παEOL

λd

)
V (2.3)

where ϕ is the resulting phase shift, αEO is the linear electro-optic coeffi-
cient of the material, L the length of the electrodes, λ wavelength of the
light, d distance between electrodes, and V applied voltage.

The transfer function of a Mach-Zehnder interferometer is

Po = Pi cos2
(
ϕ1 −ϕ2

2

)
. (2.4)

where Po is output optical power, Pi input power, and ϕ1,ϕ2 phases of the
two optical waves when interfering.

Substituting the phase difference with the phase shift caused by phase
modulation (Eq. 2.3) and all constants with Vπ (voltage required to shift
the phase by 180°) yields, in case of single phase modulator (Fig. 2.4), fol-
lowing relation [18]

Po (V ) = Pi cos2
(
ϕ0 + πV

2Vπ

)
.

ϕ0 is the initial phase shift. It is varies by device and can be offset by
DC bias. The transfer function is linear only around its quadrature point
Vπ/2,which means the MZM needs DC biasing.

A hindrance of the single electrode MZM is that it induces frequency
chirp. As phasemodulation efficiency is independent of DC bias, the am-
plitudemodulation efficiency is not. This canbeovercomewithdual elec-
trodeMZM (Fig. 2.5), fed in push-pullmodeV1 =−V2. The phasemodula-
tion in this case is antisymmetric and thus it cancels out. MZM is depen-
dent on polarization hence also polarization control is needed.
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MZMs can be manufactured for high bandwidths, but its non-linear
nature is an issue for modulating analog signal, which is the case of RoF.

V1(t)

Ei Eo

V2(t)

Figure 2.5: Dual electrode Mach-Zehnder modulator

2.6 Optical Carrier Suppression

Amplitude modulation of the optical signal can be used not only for the
modulation itself but also to upconvert electric signals. It works as follows
[16]: A MZM is biased at Vπ/2 and driven by an RF local oscillator (LO) car-
rier. This signal is further modulated by an intermediate frequency (IF)
carrier containing data in an ordinary fashion. The resulting optical in-
tensity is [16]:

Iout = I0

2
[1+k cosωI F t −2J1 (m)cosωLO t

+k J1 (m)cos((ωLO −ωI F ) t )

+k J1 (m)cos((ωLO +ωI F ) t )

(2.5)

where I0 is optical carrier intensity,m is themodulation index and J1 is the
first-order Bessel function of the first kind. Similar result is found by Sun
et al. [19]

This way the IF signal is upconverted toωLO ±ωI F – we achieve RFmix-
ing in optical domain. In order to achieve further upconversion, the LO
MZM needs to be overdriven in order do generate further harmonics and
biased so that carrier and even-order optical sidebands are suppressed
[20]. This way we achieve both RFmixing and frequency upconversion.

OCS can be intuitively understood like this (see Fig 2.6 on the next
page): ThefirstMZMisbiasedat its zero transmissionpoint, and themod-
ulation voltage (at fLO) is high so even order harmonics including the car-
rier ( fγ) are suppressed. At the second MZM all the harmonics are mod-
ulated by f I M . At the detection photodiode a 2 fLO RF signal modulated
by f I M is generated by beating of the upper and lower optical sidebands
separated by 2 fLO [21].

Optical carrier suppression (OCS) is measured as optical carrier sup-
pression ratiowhich is a difference (in dB) of power level of themodulated
sidebands to the optical carrier.
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fLO fIF

fγ

V0b Vπ/2

fγ fγ+fLOfγ-fLO

fIF

fγ

fγ fγ+fLOfγ-fLO
fγ-2fLO fγ+2fLO

2fLO

2fLOfLO0 3fLO 4fLOfIF

Figure 2.6: Optical carrier suppression principle

2.7 Free Space Optics

Optical infrastructure can be conveniently used to transmit signal over
short distances via a laser beam. This could be particularly useful for ex-
ample for transmission between buildings [9], because optical spectrum
usage is not regulated unlike microwave frequencies.

An optical beam coming out of the fiber end is collimated with a set of
lenses, transmitted through air and then coupled into fiber at the other
end. The advantage of FSO over microwave point-to-point links is essen-
tially unlimited bandwidth, low power losses due to free space losses (in-
verse square law – losses are minimal thanks to low beam divergence),
ease of deployment with existing fiber infrastructure, and already men-
tioned licence-free operation. The downside is that FSO links are highly
susceptible to atmospheric conditions. Fog in particular causes huge fad-
ing (as much as 315 dB/km in dense fog [22]), and atmospheric turbu-
lences cause beam misalignment (resulting losses of 4 dB in moderate
turbulence [22]). Eye safety is also an issue for higher powers.
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Part 3

Measurements and Simulations

3.1 Initial Simulations

3.1.1 Direct Transmission

Toassess basic functionality, simulations of a RoF system inOptiwaveOp-
tisystem were done. The carrier frequency was 25 GHz. The modulator
was a generic LiNbO3 dual-drive MZM. The laser was a generic CW laser
at 194.3 THz with 10 MHz linewidth at 5 dBm. There was a path of 5 km
single mode fiber. The detector was a InGaAs PIN diode. The simulation
setup can be seen in Fig. 3.1 on the following page

As the (extremely) high bandwidth scenario 64QAM modulation at 6
Gb/s with bandwidth of 2 GHz was chosen. As the low bandwidth scenario
8DPSK at 60 Mb/s with bandwidth of 20 MHz was chosen.

The optical spectra can be seen in Fig. 3.2 on the next page. Fairly
strong second harmonics of the RF signals are generated in both cases.
Higher bandwidth significantly increases the noise floor of the optical sig-
nal, and there seems to be a frequency downshift at the second harmonic
of the RF signal. The wider bandwidth also means lower carrier suppres-
sion can be achieved.

The spectraof thedetectedRF signals canbe seen inFig. 3.3 onpage19.
The frequency downshift of the high-bandwidth signal is noticeable even
here. The low-bandwidth signal, however, seems to have a parasitic notch
at 23 GHz which also applies to its second harmonic.

3.1.2 Suppressed Carrier Transmission

Behavior of the system in suppressed carrier transmission was simulated
aswell. Abasebandsignalwasmodulateduponan intermediate frequency
(16QAM, 20 MHz band, 100 MHz IF). First, the optical carrier was modu-
lated by a half-frequency 12.5 GHz LO signal on the first (carrier) MZM
overdriving it. Then, the IF signal wasmodulated upon the optical carrier
on the second (data) MZM.

The bias of the first was set manually to achieve maximal suppression
of both carrier and 3rd and higher order products. Second (data) MZM
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Electrical Constellation Visualizer

Quadrature Modulator
Frequency = 25 GHz

OpticalFiber
Length = 5 kmCW Laser

Frequency = 193.4 THz
Power = 5 dBm

Photodetector PIN

Electrical Gain
Gain = -1 

Splitter 1x2
RF Spectrum Analyzer_2

LiNb Mach-Zehnder Modulator

M-ary Pulse Generator

M-ary Pulse Generator_1

QAM Sequence Generator
Bits per symbol (b/sym) = 4 bits

Pseudo-Random Bit Sequence Generator
Bit rate = Bit rate bit/s

DC Block

RF Spectrum Analyzer

Optical Spectrum Analyzer

Figure 3.1: Direct transmission simulation setup
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Figure 3.4: Suppressed carrier transmission simulation setup
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Figure 3.5: Simulated carrier suppression optical spectrum

was biased to its quadrature point.
See Fig. 3.5 for the optical spectrum, which shows the 1550.12 nm IF

modulation-widened laser line below the sidebands shifted by 0.1 nm.
That is 20 dB optical carrier suppression. Also note higher order products
(0.2 and 0.3 nm shift) which give rise to 37.5 GHz, and 50 GHz products in
the RF domain.

The RF spectrum (Fig. 3.6 on the facing page) shows fundamental fre-
quency suppression of 20 dB – the same value as in the optical domain.
The IF signal of 100 MHz is still present and 5 dB stronger than the up-
converted signal.

However, the drawback of this simple approachwith an IF signal is that
the power of the detected baseband signal is reduced. Firstly, the base-
band power is split into two sidebands of which only one is detectable.
Otherwise, the suppression is not perfect and significant amount of power
remains at the 100MHz IF. Hence an additional need for filtering and am-
plification.
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Figure 3.6: Simulated carrier suppression detected RF spectrum

3.2 Characterization of Modulators and Detector

All the setups arebasedon40 Gb/s telecommunication components, which
should yield satisfying frequency responses up to 40 GHz in all cases.

Basic setups based on all three kind of modulators were considered
and experimentally characterized. The detector is in all cases PD-40-C –
a 40 GHz InGaAs PIN photodiode. Its measured performance at 1550 nm
(see Fig. 3.7 on the next page for |s21| ) is comparable to the nominal one.

The MZM setup is based on Fujistsu FTM7938 – a 40 Gb/s single drive
MZM. The response as per datasheet drops off by frequency, but it should
be very well usable up to 30 GHz. The laser in this setup is ID Photonics
Cobrite DX-4 tunable laser.

TheEAMsetup is basedonOKIOL51571550nm40 Gb/sEAMintegrated
DFB laser. The manufacturer doesn’t provide frequency response of the
component.

The DML setup is based on a state-of-the art 40 Gb/s DML – a buried
heterostructure 1550 nmpassive feedback laser [23]. It should show good
performanceup to25GHzandsatisfyingperformanceup to35GHz,which
should make it actually comparable to the other kinds of modulator.

These setupswithout an actual fiber path, radio transmission etc. were
measured on a vector network analyzer (VNA – Rohde & Schwarz ZVA 40)
to get frequency response of the modulators (see Fig. 3.8 on page 23. The
frequency responses off all setups is satisfying up to 40 GHz. MZM and
EAM yield comparable results, while DML is also very wideband with no-
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ticeably worse performance due to limited laser power (4.8 dBm). This
could be remedied by using an erbium-doped fiber amplifier (EDFA).
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Figure 3.7: Frequency response of the detector (PD-40-C)
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Figure 3.8: Frequency responses of the modulators

3.3 Basic RoF Link Measurement

The RF signal was modulated upon a 1550 nm optical carrier from the
abovementionedDML(about 4.8dBm). Theoptical signalwas thenbrought
over a simple short 2 m free-space optics link – simply focused with a f =
50mmplano-convex lens at both the receiving and the transmitting side.
Then itwas coupled to a 1 kmSMF-28fiber path, and amplifiedby aKeop-
sys KPS-BT2-C-10-LN-SA EDFA (15 dB gain). The signal was detected on
the abovementioned PIN photodiode (biased at 5 V). Then amplified by a
low-noise amplifier (MiteqAMF-4F-260400-40-10p) then again by awide-
bandmediumpoweramplifier (AnalogDevicesHMC1131). Themicrowave
signal was further transmitted over 3.6m RF link by a double-ridged horn
antenna (RF Spin DRH40) and detected by the same type. The measure-
ment was carried out on a VNA (Rohde & Schwarz ZVA 40).

AMF-4FHMC1131

BH-PFL PD-40-C
2 m

5 km SMF-28
EDFA

Network
analyzer

1 2

DRH40DRH40 3.6 m

RF link

FSO

Figure 3.9: Measured RoF Link
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A schematic of the setup can be seen in Fig. 3.9 on the previous page.
The measured transmission (20log |s21|) is shown in Fig. 3.10. The link is
limited by gain of the amplifiers (see Fig. 3.11 on the next page for ampli-
fiers gain) – it shows good performance from 22 GHz up to 33 GHz. There
seems to be little limitations on the optical side of the setup as far as sim-
ple RF carrier transmission goes.
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Figure 3.10: Setup transmission
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Figure 3.11: RF Amplifiers gain

3.4 Used Transmission Measurement Test Model

Figure 3.12: General testmodel for RoF transmission over ODN, as in [13].

Followingmeasurementswerebasedon ITU-TG.55 recommendation [13]
as outlined before. As shown in Fig. 3.12, the measurement set-up con-
sists of two radio signal generators (SGs), two radio signal analyzers (SAs),
twoelectric-to-optical (E/O) converters, twooptical-to-electric (O/E) con-
verters, twomultiplexers /demultiplexers (MUX/DEMUX), a single-mode
fiber, and a variable optical attenuator (VOA). The VOA accounts for sig-
nal splitting and other excess losses. In our case, however, we are testing
the link only in the downlink direction; hence there is essentially no need
for optical multiplexing, although multiplexers are included in the more
refined setup with optical carrier suppression 3.6 on page 32. Particular
devices used are described in the respective sections.
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The figure of merit measured is error vector magnitude (EVM), as per
“LTE E-UTRA BS radio transmission and reception” (3GPP TS 36.104) [24]
and “LTE E-UTRA BS conformance testing” (3GPP TS 36.141) [25].

The error vector magnitude is the length of the vector at the detected
symbol locationwhich connects the I/Q reference-signal vector to the I/Q
measured-signal vector. [26] It is defined in the constellation space as
such:

EVM(%) =
√

1
N

∑N−1
n=0 Ier r [n]2 +Qer r [n]2√

Pr e f
·100 (3.1)

where n is detected symbol index, N number of symbols, Ier r difference
between symbol reference and actual value in the I coordinate in the con-
stellation diagram,Qer r analogous to Ier r , Pr e f power reference.

Documents mentioned above stipulate EVM limits for baseband sig-
nal modulations of QPSK: 18.5%, 16-QAM: 13.5%, 64-QAM: 9%, and 256-
QAM: 4.5%. 3GPP TS 36.141 [25] provides test models for such measure-
ments. Following test models for signal quality are to be used:

TM 3.1 EVM of 64-QAMmodulation

TM 3.1a EVM of 256-QAMmodulation

TM 3.2 EVM of 16-QAMmodulation

TM 3.3 EVM of QPSKmodulation

3.5 Measurement of RoF Link Transmission

As the setup showed good response in the RF domain it was further tested
for data transmission.

3.5.1 Setup

PD-40-C

5 km SMF28

DX-8

14 dBm

1550 nm

VOA

FTM7938EZ

PC
R&S FSW
Signal 
analyzer

R&S SMF100A

25 GHz
17 dBm

R&S 
SMW200A
Vector signal
generator

I Q
LO RF

HMC 1041LC4

2,7 dBm

Figure 3.13: RoF transmission link andmeasurement setup

This setup includesMZMplusCobriteDX-4 distributed feedback laser in-
stead of directlymodulated laser as it has better performance and is easier
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to control. The RF and FSO link together with EDFA is excluded for sim-
plicity.

The data symbols are generated on the vector signal generator, then
modulated upon the 25 GHz microwave carrier which is then modulated
upon a 1550 nm optical carrier on a 40 Gb/s MZM. The MZM was biased
at its maximum transmission point at 1.2 V. The optical channel consists
of 5 km SMF28 fiber. There is a variable optical attenuator (VOA) to mea-
sure the system under various signal to noise ratio (SNR) conditions. The
signal is detected on the previously used PIN photodiode. The detected
RF signal is directly fed into FSW signal analyzer. The analyzer has a pre-
amplifier so no RF amplification is needed.

See Fig. 3.13 on the facing page for particular device configuration and
power budget. The measuring equipment is as follows:

• Cobrite DX-4 DFB tunable laser

• Manual polarization controller (PC)

• Fujitsu FTM7938EZ 40 Gb/s MZM

• PD-40-C PIN photodiode

• HMC 1041LC4 17–27 GHz IQmixer

The measurement devices are these:

• Rohde & Schwarz SMF100AMicrowave signal generator

• Rohde & Schwarz SMW200A Vector signal generator

• OZ Optics Digital variable optical attenuator (VOA)

• Rohde & Schwarz FSW Signal and FFT spectrum analyzer

• Rohde & Schwarz SMP Spectrum analyzer
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Figure 3.14: LaboratoryRoF transmission link: 1 – 5 kmfiber; 2 – SMF100A
RF generator; 3 – SMW200A vector signal generator; 4 – FSW signal an-
alyzer; 5 – Polarization controller; 6 – Variable optical attenuator; 7 –
FTM7938EZMZM; 8 – HMC 1041LC4mixer; 9 – PD-40-C photodiode

3.5.2 RF Domain Measurements

Firstly the generator, Rohde & Schwarz SMF100A, on its own was mea-
sured for phase noise on a spectrum analyzer (Rohde & Schwarz FSP) as
documented in [27]. The procedure is as follows: set a low resolution
bandwidth (RBW – 10 Hz in our case), measure the power of the carrier
(PC ), then measure power at specified offset (P (100 Hz) – 100 Hz in this
case, as the oscillator has very good purity), finally subtract correction for
resolution bandwidth (10log(RBW))

PSSB (100 Hz) = P (100 Hz)−PC −10log(RBW) (3.2)

The single sideband phase noise at 100 Hz (PSSB (100 Hz)) of the gener-
ator was measured to be -60.2 dBc which is close to the datasheet value
of -65 dBc [28]. Then the 100 Hz phase noise of the RF carrier after mod-
ulation and detection (see Fig. 3.15 on the next page for spectrum) was
measured to be -57.9 dBc, which is only a marginal degradation. There-
fore the carrier phase noise performance is degraded only slightly by the
optical channel.

The spectrum of the carrier modulated with 20MHz 64-QAM (TM 3.1)
wasmeasured (see Fig. 3.16 on the facing page: it shows an ordinary QAM
spectrum with rectangular window as it was expected.
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Figure 3.15: RF carrier spectrum after detection on the photodiode
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Figure 3.16: Measured 20 MHz 64-QAM RF spectrum
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3.5.3 Modulation and Bandwidth

The transmission tests consisted of EVMmeasurements of transmissions
with modulation bandwidths 5, 10, 15 and 20 MHz using QPSK, 16-QAM,
64-QAM, and 256-QAM. The baseband signal was synthesized by Rohde&
Schwarz SMW200A. The data were pseudorandom binary sequences us-
ingE-UTRA testmodels 3.1 (64-QAM), 3.1a (256-QAM), 3.2 (16-QAM), and
3.3 (QPSK). The variable optical attenuator was used to vary the received
signal power level and set different SNR.

EVM as a function of received power level for 64-QAM with various
bandwidths can be seen in Fig. 3.17. The 8% threshold for 64-QAM nom-
inal transmission is reached as follows:

5MHz -72.8 dBm

10MHz -69.5 dBm

15MHz -67.2 dBm

20MHz -67.7 dBm
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Figure 3.17: EVM as a function of received power level for 64-QAM with
various bandwidths

EVM as a function of received power level for various types ofmodula-
tions can be seen in Fig. 3.18 on the facing page (5 MHz bandwidth) and
Fig. 3.19 on page 32 (20 MHz bandwidth).

The thresholds for the respective modulation are reached as follows:
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EVM 5MHz 20MHz Difference

QPSK 18.5% -76.0 dBm -69.3 dBm 5.7 dB
16-QAM 13.5% -75.7 dBm -68.5 dBm 7.2 dB
64-QAM 9.0% -74.1 dBm -67.7 dBm 6.4 dB
256-QAM 4.5% -61.5 dBm -55.2 dBm 6.3 dB

Table 3.1: Modulation’s performance

The EVM limits are reached, for the same bandwidth, sooner as as the
modulation order increases. The difference is, however, not particularly
large – outlier being 256-QAM. The extra power needed for the same qual-
ity transmission of 20MHzmodulation compared to 5MHz is about 6 dB
for all modulations.
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Figure 3.18: EVM as a function of received power level for 5 MHz modu-
lations
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Figure 3.19: EVM as a function of received power level for 20 MHzmodu-
lations

3.5.4 Summary

Data transmission of a 25 GHz, 1550 nm RoF link with an optical chan-
nel was demonstrated. The phase noise of the carrier is increased by the
optical channel only slightly (2.3 dB).

The signal quality of the link is largely influenced by the SNR (changed
by the variable optical attenuator). As the bandwidth of the modulation
increases its particular limit is reached at higher received power, as could
be expected. However, the signal quality doesn’t seem to degrademuch as
the number of modulation states increases. Their nominal thresholds are
reached at similar power level – an outlier being 256-QAMwhichdegrades
more rapidly.

3.6 Measurement of Transmission through RoF Link
with optical carrier suppression

Another goal was to measure behavior of the system under conditions
mimicking actual full transmission channel. Also, carrier suppressionwas
implemented with an additional MZM.
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3.6.1 Setup
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Figure 3.20: OCS link andmeasurement setup

See Fig. 3.20 for the setup’s schematic, device configuration and power
budget. TwoMZMswere used for the OCS setup. The Fujitsu 40 Gb/s MZM
was used as the LOmodulator because of its wider bandwidth (see below
for optical carrier suppression biasing), and a Thorlabs 10 Gb/s MZM (bi-
ased at 1.3 Vmaximum transmission point) was used as the IFmodulator
as the bandwidth of the IF signal doesn’t go beyond 100MHz. A radio link
with previously mentioned DRH-40 antennas was added to mimic actual
mobile downlink transmission. A DWDMmultiplexer and demultiplexer
was added tomimic conditions of an actualmultiplexed optical transmis-
sion, although crosstalks were not measured.

See Fig. 3.20 for particular device configuration. The list of hardware
used follows.

• Cobrite DX-4 DFB tunable laser

• Manual polarization controllers

• Fujitsu FTM7938EZ 40 Gb/s MZM (RF)

• Thorlabs LN63S 10 Gb/s MZM (IF)

• AWGmultiplexer and demultiplexer

• Thorlabs fixed-focus collimators

• Keopsys KPS-BT2 EDFA

• PD-40-C PIN photodiode

• Set of mm-wave amplifiers (AMF-4F, HMC1131)

• DRH40 Double ridged horn antenna

Themeasurement devices are the same as in the simple RoF linkmea-
surement with some additions:

• Rohde & Schwarz SMF100AMicrowave signal generator
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• Rohde & Schwarz SMW200A Vector signal generator

• OZ Optics Digital variable optical attenuator

• Rohde & Schwarz FSW Signal and spectrum analyzer

• Yokogawa Optical spectrum analyzer

The three constituents of the link (5 km fiber, 2m FSO, 3m radio) were
utilized andmeasured under three conditions.

Back to back Direct transmission

Optical link 2 m FSO and 5 km fiber

Full link Optical link plus 3 m radio link

The optical spectra were measured via a 20 dB fiber coupler. For ease of
implementation, the baseband data was modulated upon a 50 MHz IF
(the same fashion as it was done in the simulations) by the vector gener-
ator. The IF was modulated on the optical carrier by the Thorlabs LN63S
MZM.

Figure 3.21: FSO link

3.6.2 Carrier Suppression Ratio

As the first step, the bias point of the LOMZM (Fujitsu) was set to achieve
maximumoptical carrier suppression ratio (OC S). The suppression ratios
were measured via the optical spectrum analyzer (OSA) for various DC
bias voltages and constant RF power (17 dBm). The bestOC S of 22 dBwas
achieved at 3.4 V bias voltage. See Fig. 3.22 on the facing page for opti-
cal spectra after the LOMZM. The spectrum is similar to those simulated
before (Fig. 3.5 on page 20) – both the fundamental wavelength and 2nd
sidelobes are suppressed compared to the 2nd 12.5GHz shifted sidelobes.
For comparison two extra plots are added:
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• A7GHzmodulation showing tighter sidebandsandpotentiallyworse
OCS, when the LO frequency is even lower

• A case with MZM biased badly for OCS showing worse conditions

Thenext stepwas tomeasure the dependency of RFmodulation power
on the carrier suppression and subsequently EVM of the transmission.
Thiswasmeasured in theOptical link setupwith 64-QAMmodulation and
20 MHz bandwidth (test model 3.1). The RF power going into LO MZM
was variedwhile received EVMwasmeasured on the signal analyzerwhile
OCSwasmeasured on the OSA. The results can be seen in Fig. 3.23 on the
following page.

With increasingRFpowerweget roughly linearly increasingOCS, there-
fore it is desirable to modulate the MZM with a fairly strong LO signal as
the MZM gets overdriven. In our case, the maximum RF power was lim-
ited by the generator’s capabilities. However, with increasing RF power,
hence OCS, the received EVM decrease has diminishing returns and ta-
pers off at 2%, so the advantage of having a strong RF signal doesn’t trans-
late directly received error magnitude and the OCS of about 15 dB seems
to be sufficient.
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Figure 3.22: OCSmeasured optical spectrum
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Figure 3.23: OCS and EVM as a function of RF power (64-QAM, 20 MHz,
Optical link)

3.6.3 RF Domain

The RF spectrumof the detected signal with 20MHz 64-QAMmodulation
can be seen in Fig. 3.24 on the next page. It shows the carrier frequency
correctlymultiplied at 25GHz, with 50MHz IF sidebandsmodulatedwith
20 MHz data on sufficient power level of -65 dBm. There are, however,
intermodulation products offset by half of the IF frequency from the car-
rier. This limits the modulation bandwidth to 50 MHz – the IF frequency.
This shows the limitations of this simple scheme as suggested in Sec. 3.1.2
on page 17. Modulating directly the carrier frequency of 12.5 GHz, hence
also 25 GHz, would require more complicated baseband modulation at
the secondMZM.
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Figure 3.24: OCS link – measured RF spectrum

3.6.4 Modulation and Bandwidth

The EVM of the setup in the Optical link configuration was measured for
various bandwidths with the same modulation. 64-QAM test schemes
with bandwidths of 5, 10, and 20 MHz were used, constellation diagrams
noted and EVMmeasured. The constellations show an ordinary behavior
– as the SNR decreases, the detected pulses are more spread around the
defined constellation points (see Fig. 3.25 on the next page for an exam-
ple). EVM as a function of received power level for various bandwidth is
depicted in Fig. 3.26 on the followingpage. Thepower level of the received
signals was set by changing optical attenuation of the variable attenuator.

EVM as a function of received power level for 64-QAM with various
bandwidths can be seen in Fig. 3.17 on page 30. The 8% threshold for 64-
QAM nominal transmission is reached as follows:

5MHz -71.6 dBm

10MHz -68.6 dBm

20MHz -65.9 dBm

These values are in fact very comparable to the measured in the previous
setup without OCS (Sec. 3.5.3 on page 30).
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Figure 3.25: Constellations diagrams for 20 MHz 64-QAM, back to back
link.
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Figure 3.26: EVM as a function of received power level for 64-QAM with
various bandwidths. OCS

Then, EVM as a function of received RF power level mas measured for
QPSK, 16-QAM, and 64-QAMmodulation for all three setups. The power
level was again set by changing optical attenuation of the variable atten-
uator. See results in Fig. 3.27 on the next page for back to back setup,
Fig. 3.28 on page 40 for optical link setup, and Fig. 3.29 on page 40 for
full link setup. After E-UTRA base station conformance testing (3GPP TS
36.141 [25]) models, the EVM thresholds for nominal transmission are as
noted before: QPSK: 17.5%, 16-QAM 12.5%, and 64-QAM 8%.
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Across all modulations at a constant power level, Back to back setup
shows best performance followed by optical link setup, and full link being
weakest. Even though the power level is the same across the setups, the
SNR gets worse by optical amplification of the EDFA and even worse by
RF amplification after the radio link. As the SNR gets worse, EVM follows
as well. For example, at -55 dBm of received power level, the EVM for 64-
QAM is 3.5% for back to back link, 4.5% for optical link, and 12.5% for full
link.

These values are very comparable to the values achieved in the pre-
vious, simpler setup, therefore any improvement due dispersion fading
reduction because of OCS was not observed.

The SNR loss in the optical transmission channel is not as pronounced
as the loss in the radio channel as the losses due to fiber attenuation and
optical free space losses aremuch smaller than the radio free space losses.
On the other hand, the performance across themodulations doesn’t seem
tochangeamong the channels theyare transmitted through– thenominal
EVM value is crossed approximately at the same received power levels (-
67 dBm for back-to-back, -64 dBm for optical link, and -53 dBm for full
link).

0

5

10

15

20

25

30

35

40

45

−80 −75 −70 −65 −60 −55 −50 −45

E
V

M
[%

]

P [dBm]

QPSK
16-QAM
64-QAM

Figure 3.27: Back to back – EVM as a function of received power level for
various modulations
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Figure 3.28: Optical link – EVM as a function of received power level for
various modulations
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3.6.5 Summary

Data transmission of a 25 GHz, 1550 nmRoF link with optical carrier sup-
pression and RF intermediate frequency was demonstrated.

OCS of 28 dB was achieved. It was shown that such high OCS is not
neededasEVMdoesn’t improvemuchafterOCSof about 15dB is reached.
The signal quality performance is similar to the case before, where no fre-
quency multiplication is used. Improvement due to dispersion fading re-
duction was not observed. Most of signal degradation happens in the RF
channel. An optical channel with FSO degrades the signal only slightly
compared to the back to back case.
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Part 4

Conclusion

General options for transmission of millimeter waves over fiber, particu-
larly for 5G applications, were assessed.

Simulations were undertaken to demonstrate basic functionality of an
RoF system with a MZM. Then optical carrier suppression transmission
was demonstrated by setting the MZM to its null transmission point.

General hardware options for transmission of millimeter waves over
fiber were considered with RoF being the simplest one. The choice of the
modulator was considered with all MZM, EAM and DML being a viable
option. However, MZM is needed for optical carrier suppression.

Then components of a RoF setup were measured on a RF vector net-
work analyzer, that is a 40 GHz PIN InGaAs photodiode, a 40 Gb/s MZM,
a 40 GB/s EAM integrated DFB laser and a buried heterostructure passive
feedback DML. All the optical components show very good performance
up to 30 GHz.

Then a functional RoF setupwasmeasured on a RF vector network an-
alyzer. For narrowband (carrier) transmission, the system’s performance
ismostly limited by radio components (amplifiers) althoughnot to a great
degree. The optical side of the system is not limiting.

Then an RoF data downlink without RF transmission was set up and
measured. It showed good performance for QPSK, 16-QAM, 64-QAM and
256-QAM modulations and bandwidth up 20 MHz as per E-UTRA LTE
base-station test models. The EVM limits for 20 MHz modulations were
reached after additional 12 dB (64-QAM) to 14 dB (QPSK) detected RF sig-
nal attenuation. Only 256-QAM was close to the limit without any addi-
tional attenuation. Using 5 MHz modulation instead of 20 MHz modula-
tions adds about 6 dBmargin in the detected RF signal.

Then an optical carrier suppression link (implementing RF frequency
doubling) with intermediate frequency was set up. It also included an
FSO and radio channel. Optical carrier suppression ratio of 28 dB was
achieved. It was shown that the optical channel doesn’t degrade the sig-
nal asmuch as the RF channel. The degradation happensmostly because
of additional attenuation and resulting SNR drop-off due to both optical
and radio amplification. The performancewas very similar to the simpler
setup before.
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