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Abstract—This contribution describes the impact of non 

uniform thermal-induced turbulence on 64-QAM LTE signal 

transmission at 25 GHz millimeter wave (mmW) signal along 

hybrid RoF/RoFSO links. Microwave photonic signal 

generation has been employed by using the optical frequency 

doubling with intensity modulator biased at the minimum 

transmission point. The optical and electrical power budgets of 

different scenarios have been defined and error vector 

magnitude (EVM) performance has been measured. It is shown 

that the uniform scenario with high turbulence in the middle of 

the link is the one with greater impact on the quality of the 

received data. 

Keywords—Free space optics communications, hybrid 

RoF/RoFSO, thermal turbulence, millimetre-waves. 

I. INTRODUCTION 

Nowadays, mobile communications are inside of our daily 
life. In 2022, there will be 12.3 billion  mobile connected 
devices, including machine-to-machine (M2M) modules and 
therefore, exceeding the world´s forecast population at that 
time by one and a half times. Mobile data traffic will be 
77 exabytes  and fourth generation (4G) connections will 
have more than 71 % of the total mobile traffic [1]. In order to 
deal with such demand, a new mobile network technology is 
needed, i.e., fifth generation (5G). New emerging services and 
applications, such as Internet of Things (IoT), massive 
machine to machine (mM2M), mobile ultra-high definition 
(UHD) video streaming or autonomous driving [2] require 
massive machine type communications (mMTC), ultra-
reliable and low latency communications (URLLC), enhanced 
mobile broadband (eMBB) and ultra-fast data transfer [3]. 

Lower frequencies (below 6 GHz) are heavily congested 
with TV and radio signals, WiFi networks and also current 
mobile networks, i.e. second (2G), third (3G) and fourth (4G) 
generation. Millimeter wave (mmW) technology, which 
frequency range is up to 300 GHz, will play a key role in 5G 

networks owing to its enormous available bandwidth to 
provide high data transmission. However, some challenges 
such as mmW signal generation since traditional RF signal is 
generated by costly electronic stages and high attenuation (i.e. 
~2.5 dB/m at 25 GHz over metallic cable) must be properly 
addressed before massive adoption.  

From that perspective, radio-over-fiber (RoF) is a 
promising technology to transmit mmW signals because of its 
advantages, such as low attenuation loss, immunity to radio 
frequency interference, transparency to modulation formats, 
high capacity, flexibility and dynamic resource allocation as 
its main advantages [4]. RoF consists basically of a lightwave 
modulated by a radio signal and transmitted over an optical 
link, commonly based on optical fiber (OF). Moreover, the 
usage of RoF in 5G cloud-RAN (C-RAN) architecture is an 
excellent solution for such fronthaul link, which can transport 
mmW signals carrying data rates of Gb/s  along tens of 
kilometres of optical fiber (OF) [5, 6]. 

Microwave photonics (MWP), which is an 
interdisciplinary area that merges microwave and optical 
signals, is capable to generate mmW signals. MWP allows to 
generate mmW signals in the optical domain with low phase 
noise and frequency tunability [7]. Numerous mmW 
generation schemes have been demonstrated in the literature 
[8], from the basic heterodyne beating up to the signal 
generation based on non-linear effects. In particular, the 
external modulation approach based on optical frequency 
multiplication between the modulated sidebands has been 
demonstrated as a very convenient approach in terms of cost 
and complexity, which allows to achieve frequency doubling, 
quadrupling and up to 8-tupling [9] with significant reduction 
of the electric bandwidth requirements. 

Free space optics (FSO) is a wireless communication 
system for optical signal transmission. FSO operates in the 
infrared spectrum, which uses extremely narrow beams in line 
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of sight (LOS), and can provide links with high data rate, i.e. 
up to hundreds of Gb/s [10]. Its main advantages are the 
enormous available bandwidth and no license fees are 
required due to the use of THz frequencies and flexibility [11]. 
In addition, OF infrastructure is generally expensive in urban 
areas and FSO is an excellent alternative where OF cannot be 
installed. However, FSO is very sensitive to atmospheric 
conditions, i.e. fog or mist, clouds, rain, snow [12]. Besides, 
misalignments, so-called pointing errors, due to buildings 
thermal expansion, wind or weak seismic activity, amongst 
others, must also be considered and further compensated [13, 
14]. 

Especially, FSO is altered by atmospheric turbulence 
created by temperature gradients [15, 16, 17] occuring 
naturally in an outdoor environment. Examples of them are 
thermal distributions produced along an optical path either as 
cold (rivers, forest…) or hot (cars, buildings, smokestacks…) 
sources. The impact of uniform [18] and non-uniform [19] 
thermal turbulence has been studied along the radio-over-FSO 
(RoFSO) links. 

In this work, we evaluate the impact of the uniform and 
non-uniform thermal distribution over a 64-QAM LTE signal 
at 25 GHz, which is photonically generated by external 
modulation with carried suppression (CS).  

II. SYSTEM SETUP 

The experimental system layout of 64-QAM LTE signal 
transmitted at 25 GHz  over a hybrid standard single mode 
fiber (SSMF) and FSO link is shown in Fig. 1(a). In our setup, 
the Mach-Zehnder modulator (MZM) is biased at its half-
wave voltage, 𝑉𝜋 , to modulate the optical wavelength by a 
sinusoidal wave at radio frequency (𝑓𝑅𝐹). Provided all even-
order sidebands are suppressed and the second and higher-
order optical sidebands can be ignored, the modulated optical 
signal at the MZM output is given by [20]:  

𝐸𝑜𝑢𝑡(𝑡) = 𝐸0 {𝐽1 (𝜋
𝑉𝑅𝐹

2𝑉𝜋

) cos((𝑤𝑐 + 𝑤𝑅𝐹)𝑡)

+ 𝐽1 (𝜋
𝑉𝑅𝐹

2𝑉𝜋

) cos((𝑤𝑐 − 𝑤𝑅𝐹)𝑡)} 

(1) 

where 𝐸0 and 𝑤𝑐 are the amplitude and angular frequency of 
the optical carrier, 𝑉𝑅𝐹 is the voltage amplitude, 𝑤𝑅𝐹 = 2𝜋𝑓𝑅𝐹 
is the angular frequency of the sinusoidal wave and 𝐽1(∙) is the 
first-order Bessel function of the first kind. Therefore, the 
optical carrier is suppressed without a need for optical filters 
and the beating between both sidebands at the optical receiver 
generates the mmW signal at double the drive frequency, 
𝑓𝑚𝑚𝑊 = 2𝑓𝑅𝐹. 

In this architecture, the laser emits an optical lightwave 
with 16 dBm output power at 1550.496 nm, whose state of 
polarization is adjusted by the polarization controller (PC) at 
the optical input of the modulator (MZM-1). The MZM-1 
(Fujitsu FTM7938EZ/201) is biased at null transmission 
point, i.e. 2.86 V, to suppress the optical carrier, and 
modulated with a RF single-tone signal having power of 
22 dBm at 12.5 GHz, which is generated by a signal generator 
(SG) (R&S SMF100A). The signal is further modulated by 
data in the MZM-2 (Covega 10TM 081), which is biased at 
the quadrature point (1.83 V). Data of 20 MHz  bandwidth 
64-QAM signal are generated with 9 dBm output power by a 
vector signal generator (VSG) (R&S SMW200A) using an 
intermediate frequency of 200 MHz . An EDFA with 
13.2 dBm constant output power is employed to compensate 

optical losses. The hybrid link is formed with 5 km SSMF and 
2 m FSO link. Then, the optical signal is launched into the 
photodetector (OptiLab PD-40). Finally, the electrical signal, 
generated by beating in photodetector at 25 GHz is analysed 
by a RF spectrum analyzer (RFSA) (R&S FSW26). 

 

Figure 1. (a) System layout, (b) Scheme of FSO turbulence generation. PC: 

polarization controller, MZM: Mach-Zehnder modulator, SG: signal 
generator, EDFA: erbium doped fiber amplifier, SSMF: standard single 

mode fiber, FSO: free space optics, PD: photodetector, RFSA: RF spectrum 

analyser, FH : fan heater. 

The FSO link uses a pair of air-spaced doublet collimators 
(Thorlabs 114 F810APC-1550) with 4 dB optical loss in the 
wireless segment. Two fan heaters (FH) are employed to 
generate thermal turbulence, as depicts Fig. 1(b). Then, the 
temperature gradient is measured by 20 temperature sensors 
equidistantly separated (0.1 m) and processed on a computer. 

Temperature and structure refractive index distributions 
(𝐶𝑛

2) are shown in Fig. 2. 𝐶𝑛
2 is calculated based on Gamma-

Gamma model [21] using the recorded temperature gradient, 
sensor gap and the atmospheric pressure. Temperature and 
structure refractive index distributions [21] are shown in Fig. 
2. D1 represents a turbulence distribution with increased 
turbulence level at the receiver side, D2 shows an increased 
turbulence level at the transmitter side, and D3 with an 
increased turbulence level in the middle of the link.  

Tab. 1 shows the calculated refractive index and Rytov 
variance [21] from measured thermal distributions. 
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Figure 2. Temperature (dashed line) and 𝐶𝑛

2  (solid line) for different 

temperature distributions. 

Table 1. 𝐶𝑛
2 and Rytov variance for thermal distributions 

Scenario 𝐂𝐧
𝟐(𝐦−𝟐∕𝟑) Rytov variance 

D0 8.3 ∙ 10−14 1.86 ∙ 10−5 

D1 4.4 ∙ 10−13 9.90 ∙ 10−5 

D2 1.2 ∙ 10−12 2.75 ∙ 10−4 

D3 3.5 ∙ 10−13 7.95 ∙ 10−5 

III. RESULTS 

A. Millimeter wave signal generation 

Fig. 3(a) shows the optical spectra of the transmitted signal 
over scenarios with different turbulence distributions, as 
described in Fig. 2. The impact of the thermal-induced 
turbulence is an optical power reduction of 2, 0.16 and 8 dB 
for D1, D2 and D3 respect to D0, respectively.  

 

Figure 3. (a) Optical spectra before detection of the signal transmitted over 

different scenarios, and (b)-(e) Electrical spectra of the received signal after 

transmission over D0-D3 scenarios (1 GHz span) with 6 dBm optical power 

at the PD input. 

After opto-electronic conversion, the electrical signal was 
measured by an RF spectrum analyser (RFSA) in order to 
evaluate the impact of the thermal turbulences in terms of the 
RF power. Fig. 3(b)-(e) show the electrical spectrum for D0-
D3. As can be seen, RF power decrease follows the optical 
power, where the data band shows a power decrease due to the 
turbulence levels. 

Fig. 4 shows the received optical and electrical power 
values for particular scenarios D0-D3 in order to show the 
power budget for different scenarios. In our setup, when the 
optical power is set at D0 as −15.62 dBm, less than 2 dB 
optical power decrease is measured for D1-D2 but up to 8 dB 
reduction is obtained when the turbulence D3 is applied in the 
FSO link. In this case, the measured RF power at 25 GHz is 
−8.77 dBm for D0, and up to 29.85 dB power decrease is 
obtained when the turbulence D3 is applied in the FSO link. 

 

Figure 4. Optical (empty markers) and electrical (filled markers) power. 

B. Data transmission 

In this section, we evaluated the effect of the turbulence on 
the quality of the data signal transmitted along the proposed 
hybrid link. The 25 GHz mmW optical signal is modulated 
with 64-QAM signal with 20 MHz bandwidth at intermediate 
frequency of 200 MHz . It results in a bitrate of 75 Mb/s 
throughout the hybrid link. 

Fig. 5 shows the measured constellations of recovered 
signals after detection when the received optical power is 
0 dBm. The larger degradation is measured in D3 scenario, 
which corresponds to the worst power budget in Fig. 4, and 
therefore, the lower electrical power level.  

Finally, Fig. 6 plots error vector magnitude (EVM) versus 
the received optical power for all measured scenarios. Tab. 2 
summarizes the minimum received optical power, i.e. 
sensitivity of the links for satisfying the 8 % EVM standard 
threshold level for 64-QAM [22]. There is no significant 
penalty between D0 and D2 meanwhile the penalty between 
D0 and D1 is 3.6 dB . The largest measured EVM values 
correspond to D3, where the power penalty between weak 
turbulence and strong turbulence regime with maximum level 
in the middle of the link is 6.5 dB. 

Table 2. Sensitivity (8 % EVM level). 

Distribution Optical power (dBm) 

D0 −7.83 

D1 −4.27 

D2 −6.96 

D3 −1.3 

(c)

(d) (e)

(b)

(a)
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Fig. 7 shows the equivalent bit error rate (BER) [23] and 
the BER limit using forward error correction (FEC) [24]. It is 
shown that the largest BER is measured in D3 meanwhile 
there are almost no differences between D0 and D2. 

 

Figure 5. Constellations for (a) D0, (b) D1, (c) D2 and (d) D3 with 0 dBm at 

the PD input. 

 

Figure 6. EVM measurements for different scenarios vs received optical 

power. 

 

Figure 7. Calculated BER for different scenarios vs received optical power. 

IV. CONCLUSIONS 

In this work, we experimentally demonstrated the impact 
of the thermal turbulence with different distribution on the 
64-QAM LTE signal at 24 GHz mmW signal along hybrid 
RoF/RoFSO links. The mmW signal has been photonically 
generated by employing optical frequency doubling in a CS 
modulated signal. The power budget of the system leads to an 
optical and electrical power decrease up to 8 dB  and 
29.85 dB , respectively, which have been recorded in the 
strongest turbulent scenario. The EVM degradation of 
20 MHz  64-QAM signal confirms that the non-uniform 
scenario with high turbulence in the middle of the link has 
significant impact on the quality of the received data. 
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