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Abstract—Local and remote photonic millimeter wave (mmW) 

signal generation schemes are theoretically and experimentally 

evaluated in order to compare both approaches for practical 

deployment in a cloud-radio access network (C-RAN) fronthaul 

network. The paper presents a full comprehensive formulation of 

the frequency response of a system based on a directly modulated 

laser transmitting data over 40 GHz signal generated by external 

carrier suppressed modulation and optical frequency 

multiplication. Theoretical and experimental characterization of 

the system response at baseband and mmW band for local and 

remote generation setups show very good agreement. The remote 

configuration leads to higher electrical output power (i.e. 15 dB 

higherin 25 km fiber links) due to the combined effect of chirp and 

fiber dispersion than the local generation setup in the mmW band, 

although intermodulation distortion is higher in the former case. 

Transmission experiments using quadrature phase-shift keying 

(QPSK) signal with 250 MHz bandwidth centered at 0.5 GHz over 

10 and 25 km fiber links also confirm the superior performance of 

the remote setup, whereas the local setup leads to similar results to 

optical back-to-back (OB2B) measurements, which is also 

validated with data signal centered at different frequencies within 

the laser bandwidth frequency range. Finally, experimental results 

show the quality of the recovered signals in terms of error vector 

magnitude (EVM) as a function of the received electrical power 

and demonstrate that no further penalties are introduced by 

photonic mmW signal generation with respect to electrical 

back-to-back (EB2B) levels. 

 
Index Terms—Cloud radio access networks, millimeter wave, 

optical access networks. 

 

I. INTRODUCTION 

HE continuous growth of the number of smartphones, 

wearables, tablets or internet of things devices, and the 

emerging of new multimedia services, such as cloud access, 

4K/8K high definition video, augmented virtual reality, online 

gaming or social networking exceed the capabilities of the 

current mobile network. As expected [1], there will be 

5.3 billion total internet users (66% of the global population) by 

2023, the number of mobile devices will increase up to 

13.1 billion in 2023 and 1.4 billion of these will be 5G. 

Moreover, an unprecedented number of people had to change 

their workplace from office to home during the Covid-19 

pandemic in 2020 [2], which means a further substantial 

increase of the applications, such as voice calls, video 

conferences or entertainment and messaging applications and a 

total growth of mobile data traffic between 10 and 20% during 

lockdown periods. The evolution of the legacy mobile 

communication networks up to 5G and beyond will enable 

downlink experience user over 1Gb/s, 30 bps/Hz spectral 

efficiency, latency lower than 1 ms, connection density of 

1,000,000 device/km2 and high efficient power consumption 

[3]. 

Due to the congestion of lower microwave bands employed 

in conventional cellular services, millimeter wave (mmW) band 

has been proposed for 5G mobile communications with large 

spectral availability and delivered throughput. Therefore, 

mmW new radio (NR) is the new interface for mobile users in 

5G [4, 5, 6]. From the network perspective, existing optical 

fibers and also free space optics (FSO) links provide 

fixed/mobile convergence with sufficient bandwidth to deliver 

high-speed services over long distances with low cost, high 

reliability and low latency [7]. 

Photonic generation of mmW signals offers low phase noise 

and frequency tunability in addition to the use of electronics 

components with reduced bandwidth. Although different 

approaches based on dual-mode sources [8], mode-locked 

lasers [9, 10], pulsed lasers [11] or nonlinear optical effects [12, 

13, 14] amongst others have been previously demonstrated, 

external lithium niobate Mach-Zehnder modulators (MZM) can 

be considered as the most popular approach due to easy 

implementation, high quality and efficient mmW signal 

generation. Depending on the bias point of the modulator, 

optical single sideband (SSB), double sideband (DSB) and also 

carrier suppression (CS) techniques [15] can be employed to 

provide frequency multiplying with a factor from 2 up to 12 [12, 

16].  

Although the CAPEX and OPEX reduction is a benefit in 

cloud-radio access network (C-RAN) networks, the availability 

and costs of the optical infrastructure become critical especially 

in the small-cell environment [17].  

Fig. 1 illustrates the variety of access segments forming the 

global telecommunication network which includes indoor 

mmW small cells access as well as fiber broadband access in 

residential areas and also outdoor emerging small-cell C-RAN 

systems. As depicted in Fig. 1, the C-RAN architecture hosts 

the baseband units (BBUs) at the central office (CO) separated 

from the remote radio heads (RRH). This is enabled by the 
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optical fronthaul network connecting the RRHs with the 

centralized BBU pool. A backhaul segment is also defined 

between the BBUs and the gateway interface to the transport 

network. Therefore, RRHs are simplified since medium access 

control (MAC) layer functions, digital-to-analog and 

analog-to-digital conversion (DAC/ADC), radio frequency 

(RF) frontends and baseband processing are held in the BBUs 

located at the CO [17]. The BBU pool in this scenario includes 

an array of directly modulated lasers (DMLs) emitting at 

different wavelengths which are multiplexed for downlink 

transmission [18]. At the hotspot site, after channel 

demultiplexing, the optical receiver in each RRH performs the 

opto-electronic conversion and further amplification. 

C-RAN also supports open platform and real-time 

virtualization technologies to provide dynamic shared resource 

allocation in the BBU pool, multi-vendor and native support to 

collaborative multipoint (CoMP) radio technologies due to the 

very low latency between BBUs hosted at the same pool. Broad 

coverage can be provided due to the large number of remote 

RRHs connected to a centralized BBU pool with a span fiber 

link, typically, up to 10 km for 5G or 20 km for 4G (LTE/LTE-

A) [19]. 

A solution for the use of digital fiber optic interfaces in the 

5G fronthaul network based on enhanced common public radio 

interface (eCPRI) has been recently proposed [20], although 

more complex RRHs and high bandwidth connections are 

required regardless the architectural choice for splitting the 

protocol functions [21, 22]. However, analog-radio-over-fiber 

(A-RoF) solutions are very promising for cost-efficient, low 

latency and large bandwidth links [23]. In the RoF scheme, 

mmW signals can be transmitted either using RF or an 

intermediate frequency (IF) over optical fiber. In the former 

one, the CO directly transmits the mmW signal, modulated into 

the optical domain, over fiber fronthaul network to the RRH 

without the need for frequency up-conversion at the RRH side. 

However, high speed photodetectors and optical transmitters 

are required and moreover, fiber chromatic dispersion has a 

significant impact on the link performance for high frequencies. 

On the contrary, the latter technique allows transportation of 

multiple aggregated IF bands modulated e.g. in low speed 

DMLs and the up-conversion is held at the RRH just before 

wireless transmission. The use of lower speed optoelectronic 

devices and reduced impact of fiber chromatic dispersion are 

the main advantages compared to a classic RoF approach, 

although the complexity and costs of RRHs are increased with 

the need for a mmW local oscillator and high speed mixers. 

However, mmW local oscillator delivery at the RRH has been 

demonstrated in the literature [24, 25] in order to provide 

flexibility in such systems and multiple IF bands employing 

OFDM formats have been transmitted up to several Gb/s bitrate 

[26].  

As depicted in Fig. 1, in a centralized architecture, the 

 
Fig. 1. 5G C-RAN architecture based on directly modulated lasers. CO: central office, PS: power splitter, BBU: baseband unit, DML: directly modulated 

laser, MUX: multiplexer, ONU: optical network user, CS-MZM: carrier suppressed-Mach Zehnder modulator, FSO: free space optics, RRH: radio remote 

head, mmW: millimetre wave. 
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CS-MZM that provides photonic mmW signal generation is 

located at the BBU in the CO as part of the shared hardware 

infrastructure (i.e. remote generation scheme). However, a local 

generation scheme with the MZM located just before channel 

demultiplexing might be adopted to mitigate signal degradation 

for certain signals and network conditions since IF signal would 

be transmitted over fiber and the photonic up-conversion would 

be held before photodetection. The phase-noise of optically 

generated mmW signals based on external optical modulation 

techniques both locally and remotely has been previously 

studied in the literature [27]. In the former case, it is only 

determined by the phase noise of the electrical signal drive, 

whereas in the latter, its spectral quality is also affected by the 

chromatic dispersion of the fiber and the optical carrier 

linewidth. However, such degradation is negligible when the 

linewidth of the optical source is lower than 50 MHz and 

transmission distance is shorter than 50 km [27]. 

In this work, we evaluate the impact of the local and remote 

photonic generation of 40 GHz signal over an optical fronthaul 

based on a DML and CS external modulation for frequency up-

conversion. For the first time to the authors´ knowledge, a full 

comprehensive study based on the analytical formulation to 

derive the frequency response of both approaches is provided, 

also supported by experimental measurements to identify the 

advantages and limitations of both setups. The results then can 

serve as a basis for future networks deployment based on 

photonic mmW signal generation.  

The paper is structured as follows. Section II presents the 

analytical formulation of the local and remote approaches to 

obtain the system response at baseband and mmW band, which 

is confirmed by the experimental measurements over 25 km. 

Section III shows the system performance by transmitting a 

250 MHz bandwidth QPSK signal centered at 0.5 GHz over 

40 GHz measured at both bands under remote and local 

approaches in 10 and 25 km fiber links, also compared to back-

to-back (B2B) links, then the characterization is completed with 

system measurements at several central frequencies for a 25 km 

fiber link. Finally, Section IV summarizes the main conclusions 

of this work.  

II. THEORETICAL BACKGROUND 

Local and remote architectures for photonic mmW signal 

generation are evaluated in this section by obtaining the 

analytical expressions of the detected signals after 

photodetection. Fig. 2 shows a DML located at the BBU, which 

emits an optical carrier modulated by data in both schematics.  

On the one hand, in the local configuration depicted in Fig. 2 

(a), the optical signal emitted by the DML is launched into the 

standard single mode fiber (SSMF) and then, it is up-converted 

by the fRF=20 GHz single tone signal in the MZM, which is 

biased at null point for carrier suppressed modulation. 

However, in the remote configuration scheme depicted in Fig. 

2(b), the DML output signal is launched into the CS-MZM to 

be modulated by an electrical single tone signal at 

fRF=20 GHz and then, the resulting signal is transmitted 

through a SSMF link.  

In the following, an analytical study of the frequency 

response of both approaches is presented for the sake of 

understanding and comparison, is also included the back-to-

back performance as a reference.  

The output electric field of a laser emitting at 𝜔0, which is 

directly modulated by a single tone at angular modulation 

frequency of Ω = 2𝜋𝑓, can be described by [28]: 

𝐸𝐷𝑀𝐿(𝑡)

= √𝑃𝑜(1 + 𝑚𝐴𝑀 ∙ 𝑐𝑜𝑠 Ω𝑡)𝑒𝑗𝑚𝑃𝑀∙𝑐𝑜𝑠(Ω𝑡+𝜑)𝑒𝑗𝑜𝑡 
(1) 

where 𝑃𝑜 is the laser output power and 𝑚𝐴𝑀 and 𝑚𝑃𝑀 are the 

amplitude and phase modulation indexes, respectively. The 

phase difference between amplitude and phase modulation 

introduced by the laser is 𝜑. It is possible to obtain the small-

signal transfer function of the laser characterizing the chirp 

effect, which relates the amplitude and phase modulation terms 

to the linewidth enhacement factor, 𝛼, and adiabatic laser chirp, 

𝜅, as [28]: 

𝑚𝑃𝑀

𝑚𝐴𝑀

∙ 𝑒𝑗𝜑 = 𝛼 (1 − 𝑗
𝜅𝑃𝑜

Ω
) (2) 

In this small-signal regime, the intensity of electric field at 

the output of the light source can be defined as: 

𝐸𝐷𝑀𝐿(𝑡) = 1 + 𝑚+ ∙ 𝑒𝑗Ω𝑡 + 𝑚− ∙ 𝑒−𝑗Ω𝑡  (3) 

 
Fig. 2. Schematics for (a) local and (b) remote configuration. SG: signal generator, DML: directly modulated laser, MZM: Mach-Zehnder modulator, EDFA: 

erbium doped amplifier, OBPF: optical band pass filter, SSMF: standard single mode fiber, PD: photodetector. 
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where the index modulations, 𝑚+ and 𝑚−, are expressed in 

terms of amplitude, 𝑚𝐴𝑀, and phase 𝑚𝑃𝑀 modulation index, as 

follows:  

𝑚+ =
1

2
(𝑚𝐴𝑀 + 𝑗𝑚𝑃𝑀𝑒𝑗𝜑) 

𝑚− =
1

2
(𝑚𝐴𝑀 + 𝑗𝑚𝑃𝑀𝑒−𝑗𝜑) 

(4) 

Furthermore, let us consider the response of a MZM driven 

by a single tone at RF, Ω𝑅𝐹 = 2𝜋𝑓𝑅𝐹, given by:  

ℎ𝑀𝑍𝑀(𝑡) = 𝑐𝑜𝑠(𝜑𝐷𝐶 + 2𝑚𝑅𝐹 cos Ω𝑅𝐹𝑡) (5) 

where 𝜑𝐷𝐶  is the phase signal change caused by DC bias 

(𝜑𝐷𝐶 = 𝜋 2⁄  in carrier suppression) and 𝑚𝑅𝐹 is the modulation 

RF index. Considering small-signal regime, we can obtain the 

following: 

ℎ𝑀𝑍𝑀(𝑡) = 𝑐𝑜𝑠𝜑𝐷𝐶 + 𝑚𝑅𝐹𝑠𝑖𝑛𝜑𝐷𝐶

∙ (𝑒𝑗Ω𝑅𝐹𝑡 + 𝑒−𝑗Ω𝑅𝐹𝑡) 

 
(6) 

The electrical current detected by the photodiode, 𝑖(𝑡), can 

be calculated as: 

𝑖(𝑡) = ℜ ∙ 𝑃(𝑡) = ℜ ∙ |𝐸(𝑡)|2 (7) 

where ℜ is the photodiode responsivity, 𝑃(𝑡) is the detected 

optical power and 𝐸(𝑡) is the intensity of electric field at the 

input of the photodiode. Under small-signal assumption, the 

following expression can be calculated for optical back-to-back 

(OB2B) configuration from (3) and (5): 

𝐸𝐵2𝐵(𝑡) = 𝐸𝐷𝑀𝐿(𝑡) ∙ ℎ𝑀𝑍𝑀(𝑡) (8) 

Moreover, the impulse response of the signal propagation in 

SSMF fiber, ℎ𝑆𝑆𝑀𝐹(𝑡), can be expressed as [29]: 

ℎ𝑆𝑆𝑀𝐹(𝑡) =
1

√𝑗2𝜋𝛽2𝐿
𝑒

𝑗
𝜋

2𝛽2𝐿
𝑡2

 (9) 

where L is the fiber length, and the dispersion parameter 𝛽2 is 

the second derivative of the propagation constant with respect 

to the optical frequency 𝜔0. 

According to the schematic depicted in Fig. 2(a) for the local 

configuration scheme, where the modulation process is held 

after the transmission of the DML output field over the 

dispersive element, the electric field at the input of the 

photodiode in this case,  𝐸𝐿𝐶(𝑡),  can be obtained from the 

following expression: 

𝐸𝐿𝐶(𝑡) = [𝐸𝐷𝑀𝐿(𝑡) ⊗ ℎ𝑆𝑆𝑀𝐹(𝑡)] ⋅ ℎ𝑀𝑍𝑀(𝑡) (10) 

Using (3), (6), (9) and (10), the electric field 𝐸𝐿𝐶(𝑡) is 

obtained as:  

𝐸𝑅𝐶(𝑡)

= √𝑃𝑜𝑒𝑗𝑜𝑡 {cos 𝜑𝐷𝐶

+ cos 𝜑𝐷𝐶 𝑒𝑗
1
2

𝛽𝐿Ω2
(𝑚+ ∙ 𝑒𝑗Ω𝑡 + 𝑚− ∙ 𝑒−𝑗Ω𝑡)

+ 𝑚𝑅𝐹 sin 𝜑𝐷𝐶 (𝑒𝑗ΩRF𝑡 + 𝑒−𝑗ΩRF𝑡)

+ 𝑚𝑅𝐹 sin 𝜑𝐷𝐶 𝑒𝑗
1
2

𝛽𝐿Ω2
(𝑚+ ∙ 𝑒𝑗(Ω𝑅𝐹+Ω)𝑡

+ 𝑚− ∙ 𝑒−𝑗(Ω𝑅𝐹+Ω)𝑡)

+ 𝑚𝑅𝐹 sin 𝜑𝐷𝐶 𝑒𝑗
1
2

𝛽𝐿Ω2
(𝑚− ∙ 𝑒𝑗(Ω𝑅𝐹−Ω)𝑡

+ 𝑚+ ∙ 𝑒−𝑗(Ω𝑅𝐹−Ω)𝑡)} 

(11) 

However, the remote configuration shown in Fig. 2(b) leads 

to a general expression for 𝐸𝑅𝐶(𝑡) given by the convolution 

between the dispersive element and the electric field after 

modulation process: 

𝐸𝑅𝐶(𝑡) = [𝐸𝐷𝑀𝐿(𝑡) ∙ ℎ𝑀𝑍𝑀(𝑡)] ⊗ ℎ𝑆𝑆𝑀𝐹(𝑡) (12) 

Concretely, the electric field for remote configuration 𝐸𝑅𝐶(𝑡) 

can be obtained from (3), (6) and (9) by means of (12) as: 

𝐸𝑅𝐶 (𝑡) = √𝑃𝑜𝑒𝑗𝑜𝑡 {cos 𝜑𝐷𝐶

+ cos 𝜑𝐷𝐶 𝑒𝑗
1
2

𝛽𝐿Ω2
(𝑚+ ∙ 𝑒𝑗Ω𝑡

+ 𝑚− ∙ 𝑒−𝑗Ω𝑡)

+ 𝑚𝑅𝐹 sin 𝜑𝐷𝐶 𝑒𝑗
1
2

𝛽𝐿Ω𝑅𝐹
2

(𝑒𝑗Ω𝑅𝐹𝑡

+ 𝑒−𝑗Ω𝑅𝐹𝑡)

+ 𝑚𝑅𝐹 sin 𝜑𝐷𝐶 𝑒𝑗
1
2

𝛽𝐿(Ω𝑅𝐹+Ω)2
(𝑚+

∙ 𝑒𝑗(Ω𝑅𝐹+Ω)𝑡 + 𝑚−𝑒
−𝑗(Ω𝑅𝐹+Ω)𝑡)

+ 𝑚𝑅𝐹 sin 𝜑𝐷𝐶 𝑒𝑗
1
2

𝛽𝐿(Ω𝑅𝐹−Ω)2
(𝑚−

∙ 𝑒𝑗(Ω𝑅𝐹−Ω)𝑡 + m+𝑒
−𝑗(Ω𝑅𝐹−Ω)𝑡)} 

(13) 

In all cases, the calculation of the photocurrent 𝑖(𝑡) in (7) 

leads to different terms at baseband and mmW frequencies. For 

the sake of comparison, Table I shows the terms obtained for 

𝑖(𝑡), which are proportional to the system transfer function 

under OB2B, local and remote configurations at Ω (baseband) 

and 2Ω𝑅𝐹 ± Ω (mmW band), where the latter corresponds to the 

TABLE I. ANALYTICAL TERMS OF THE PHOTOCURRENT 𝑖(𝑡) AT BASEBAND AND MMW BAND IN B2B, LOCAL AND REMOTE CONFIGURATIONS. 

 
CONFIG. 𝑖(𝑡) 

 

Ω 

OB2B ℜ𝑃𝑜𝑚𝐴𝑀 ∙ [𝑐𝑜𝑠2𝜑𝐷𝐶 + 2𝑚𝑅𝐹
2 𝑠𝑖𝑛2𝜑𝐷𝐶] 

(14) 

LOCAL ℜ𝑃𝑜𝑚𝐴𝑀[𝑐𝑜𝑠2𝜑𝐷𝐶 + 2𝑚𝑅𝐹
2 𝑠𝑖𝑛2𝜑𝐷𝐶] ∙ [√1 + 2𝑐𝑜𝑠 (

1

2
𝛽2𝐿Ω2 + 𝑎𝑡𝑎𝑛 ) + 𝑗

𝜅𝑃𝑜

Ω
𝑠𝑖𝑛 (

1

2
𝛽2𝐿Ω2)] 

(15) 

REMOTE ℜ𝑃𝑜 [√1 + 2𝑐𝑜𝑠 (
1

2
𝛽2𝐿Ω2 + 𝑎𝑡𝑎𝑛) + 𝑗

𝜅𝑃𝑜

Ω
𝑠𝑖𝑛 (

1

2
𝛽2𝐿Ω2)] ∙ [𝑚𝐴𝑀𝑐𝑜𝑠2𝜑𝐷𝐶 + 2𝑚𝐴𝑀𝑚𝑅𝐹

2 𝑠𝑖𝑛2𝜑𝐷𝐶𝑐𝑜𝑠(𝛽2𝐿Ω𝑅𝐹Ω)] 
(16) 

2Ω𝑅𝐹 ± Ω 

OB2B ℜ𝑃𝑜𝑚𝐴𝑀𝑚𝑅𝐹
2 𝑠𝑖𝑛2𝜑𝐷𝐶 

(17) 

LOCAL ℜ𝑃𝑜𝑚𝐴𝑀𝑚𝑅𝐹
2 𝑠𝑖𝑛2𝜑𝐷𝐶 ∙ [√1 + 2𝑐𝑜𝑠 (

1

2
𝛽2𝐿Ω2 + 𝑎𝑡𝑎𝑛) + 𝑗

𝜅𝑃𝑜

Ω
𝑠𝑖𝑛 (

1

2
𝛽2𝐿Ω2)] 

(18) 

REMOTE ℜ𝑃𝑜𝑚𝐴𝑀𝑚𝑅𝐹
2 𝑠𝑖𝑛2𝜑𝐷𝐶 ∙ [√1 + 2𝑐𝑜𝑠 (

1

2
𝛽2𝐿(Ω2 ± 2Ω𝑅𝐹Ω) + 𝑎𝑡𝑎𝑛) + 𝑗

𝜅𝑃𝑜

Ω
𝑠𝑖𝑛 (

1

2
𝛽2𝐿(Ω2 ± 2Ω𝑅𝐹Ω))] 

(19) 
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signal to be radiated by the base station.  

Fig. 3 shows the theoretical system response and the 

corresponding electrical power measurement at baseband and 

mmW band respect to the carrier frequency of 40 GHz of the 

recovered signal after photodetection, where the parameters 

have been adjusted to those employed in the experimental 

setup, as detailed in Table II. Experimental measurements have 

been obtained employing a DML (Optical Zonu, OZ516) with 

a 3 dB bandwidth of 7.75 GHz and the system frequency 

response has been obtained using a signal generator (Rohde 

Schwarz, SMW200A) and a signal analyser (SA) (Rohde 

Schwarz, FSW43). 

Experimental optical OB2B signals both at baseband and 

mmW band are shown in Fig. 3(a) and (b), respectively. Both 

transfer functions are proportional to the laser frequency 

response, which corresponds to the planar theoretical frequency 

response, as expected from (14) and (17) at baseband and mmW 

band, respectively.  

Fig. 3(c) and (d) show the response for local configuration 

and, in this case, both bands show similar frequency 

dependence. Theoretical calculations using (15) and (18) lead 

to dispersion induced power fading for a laser directly 

modulated signal at frequencies given by: 

 
Fig. 3. Comparison of theoretical (dashed lines) and experimental (solid lines) electrical output power at baseband (left side) and mmW (right side) band: 

(a)-(b) OB2B, (c)-(d) local and (e)-(f) remote configurations, respectively. Both local and remote configurations are obtained over 25 km SSMF link. 

(a) (b)

(c) (d)

(e) (f)

TABLE II. THEORETICAL AND EXPERIMENTAL PARAMETERS. 

 Parameter Value 

DML 

𝜆 1553.45 𝑛𝑚 

𝑃𝑜 4 𝑚𝑊 

 1.5 

𝜅 14.9 GHz/mW 

𝑚𝑅𝐹 0.1 

MZM 

𝜑𝐷𝐶  /2 

𝑚𝐴𝑀 0.15 

𝑓𝑅𝐹 20 𝐺𝐻𝑧 

SSMF 
𝛽2 −22.1 𝑝𝑠2 𝑘𝑚⁄  

𝐿 25 𝐾𝑚 
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Ω𝑛 ≈ √|
(2𝑛 + 1) + 2 𝑎𝑡𝑎𝑛 

𝛽2𝐿
|     (𝑛 = 0,1, … ) (20) 

A 25 km fiber link leads to the first null (𝑛 = 0) at the 

frequency of 15.5 GHz, which is, however out of the laser 

operating bandwidth. Basically, the term related to phase 

contribution by means of 𝜅 is not significant in this RF 

frequency range. Experimental measurements at baseband and 

mmW band are limited by the laser modulation bandwidth and, 

therefore, show strong similarities to OB2B characterization. 

However, the remote configuration leads to a system 

response, which is significantly different for both bands. 

According to (16), the first factor leads to the same nulls 

obtained in (20), which are out of the measuring frequency 

range. In this case, there are also nulls at frequencies causing 

the cancellation of the second factor in (16), which are given 

by: 

Ω𝑛 =  
(2𝑛 + 1)𝜋

2

1

|𝛽2|𝐿Ω𝑅𝐹

     (𝑛 = 0,1, … ) (21) 

The first null (𝑛 = 0) is obtained at 3.7 GHz for 25 km SSMF 

link, as shown in Fig. 3(e) both in the theoretical and 

experimental curves.  

Oppositely, the remote configuration at mmW band (see 

(19)) only includes the term with nulls at frequencies given by 

(20), and therefore, no nulls are found within the laser 

bandwidth (see Fig. 3(f)).  However, it is striking that the 

estimation of (19) at low frequencies, also confirmed by the 

experimental measurement, leads to a higher amplitude signal 

under the remote scheme compared to the local configuration 

as a result of the combined effect of dispersion and laser chirp, 

 

Fig. 4. Experimental setups for: (a) local microwave photonics (MWP) signal generation, (b) remote MWP signal generation and (c) optical spectrum of 

optically carrier suppressed modulated signal over 25 km SSMF at P1 in setup (a) –blue- and P2 in setup (b) –red-. CO: central office, DG: digital generator, 
DML: directly modulated laser, PC: polarization controller, MZM: Mach Zehnder modulator, EDFA: erbium doped amplifier, OBPF: optical band pass filter, 

ODN: optical distribution network, SSMF: standard single mode fiber, RRH: radio remote head, PD: photodetector, EA: electrical amplifier, SA: signal 

analyzer. 

CO 

MZM

SSMF
RFf

BiasV

OBPF

EDFA

PD EAVOA

SA
PC

DG DML

ODN RRH

P1

CO

MZM

SSMF
RF

f

Bias
V

OBPF

EDFA

PD EA

SA

PC

DG DML

ODN RRH

P2

(b)

(a)

VOA

(c)
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as has been previously observed [XX]. A signal gain of 15 dB 

with respect to local or OB2B configurations is measured for 

frequency values up to 8 GHz transmitted over 40 GHz. Note 

that this behaviour is not shown in baseband, as explained 

above.  

III. EXPERIMENTAL TRANSMISSION RESULTS 

The experimental setups for local and remote mmW signal 

generation approaches are shown in Fig. 4. In this experiment, 

the same DML employed in the previous section emitting 

5.6 dBm optical power was modulated by a 250 MHz 

bandwidth QPSK signal centered at 500 MHz, which was 

generated by the data generator (DG) (Rohde-Schwarz 

SMW200A) with a power of 5 dBm.  

In the local generation scheme shown in Fig. 4(a), the 

directly modulated optical signal was transmitted along the 

SSMF fiber link, and just before PD conversion, it was 

up-converted by using a CS-MZM. The polarization of the 

optical signal was adjusted by a polarization controller (PC) and 

then this signal was launched into the MZM (Sumitomo 

T.DEH1.5-40X-ADC-Y-Z), which was biased at the null 

transmission point (Vπ), i.e. 8.22 V, to obtain the carrier 

suppressed optical signal. The MZM was driven by a 20 GHz 

electrical single tone signal with 23 dBm electrical power, 

produced by a signal generator (Agilent 8267C). A fixed 

17.5 dBm output power erbium doped fiber amplifier (EDFA) 

was set to compensate the optical losses, and the ASE noise was 

afterward filtered out by an optical band pass filter (OBPF) 

(Alnair BVF-100) with bandwidth Δλ=1.25 nm. Finally, the 

optoelectronic conversion was held into the photodetector (PD) 

(Finisar XPDV3120R) to generate an mmW signal at desired 

frequency by beating of sidebands.  

As depicted in Fig. 4(b) corresponding to the remote scheme, 

after modulation in the CS-MZM, which was driven and biased 

in the same conditions as in the local scheme, the up-converted 

optical signal was transmitted over the SSMF link. Then, the 

 
Fig. 5. Measured electrical spectra after photodetection with different configurations: (a) OB2B, (b) Local signal generation with 10km fiber link, (c) Local 

signal generation with 25 km fiber link, (d) Remote signal generation with 10 km fiber link, (e) Remote signal generation with 25 km fiber link; insets show 

the detail of the data band at baseband and at mmW band. 

(a)

(b) (c)

(d) (e)
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optical signal was amplified and filtered out by the EDFA and 

OBPF, respectively, and finally, the electrical signal was 

recovered at the 40 GHz band by the PD.  

The optical spectrum at the OBPF output was measured at P1 

and P2 points for local and remote schemes, as shown in 

Fig. 4(a) and Fig. 4(b), respectively, by an optical spectrum 

analyzer (OSA, Yokogawa AQ6370C), showing a carrier 

suppression larger than 26 dB (see Fig. 4(c)). It can be observed 

that ASE noise level is 10 dB lower in the remote setup due to 

higher gain saturation (higher optical power at the input of the 

EDFA). 

The recovered electrical spectra after photodetection for 

OB2B, local and remote setups are depicted in Fig. 5. The 

mmW signal with -27.6 dBm electrical power is generated at 

40 GHz, as shown by the electrical spectrum measured under 

OB2B setup in Fig. 5(a). The extinction ratio with respect to the 

original carrier at 20 GHz is higher than 36 dB and the insets 

show the detail of the data band at baseband (-75 dBm) and also 

at mmW band (-82 dBm). 

Fig. 5(b) and (c) correspond to measurements under local 

configuration for 10 and 25 km SSMF, respectively, and lead to 

similar electrical power levels than OB2B both for baseband 

and mmW band, according to Fig. 3(c) and (d) (also in good 

agreement with (15) and (18)). 

On the other hand, Fig. 5(d) and (e) show the measured 

electrical spectra for 10 and 25 km SSMF remote setup and no 

significant differences are found in data baseband with regards 

to OB2B. However, an electrical power increase of 9 and 16 dB 

is observed in data bands carried by mmW signal after 

transmission over 10 and 25 km fiber link, respectively. This 

fact confirms the results presented in previous section, where 

the electrical amplitude at the mmW band under remote 

configuration was found to be 15 dB larger with respect to 

OB2B ((19) and Fig. 3(f)) due to the system response. However, 

the remote configuration leads to high intermodulation (IMD) 

products at 40 GHz band in 25 km fiber link (see inset in 

Fig. 5(e)). Note that local configuration over the same link, 

shown in Fig. 5(e), does not exhibit IMD signals which can lead 

to dramatic penalties under certain signal conditions in remote 

generation setup, i.e. large bandwidth or multiband signals. 

Also, small residual bands appear around 20 GHz due to the 

lack of perfect carrier suppression in the MZM, which are more 

visible after the 25 km SSMF link.  

In the following, the quality of the recovered signal after 

photodetection, i.e. the error vector magnitude (EVM), is 

measured by the SA, where 17.5% threshold level has been 

considered for QPSK modulation [30].  

Fig. 6 shows the comparison between local (a)-(b) and 

 
Fig. 6. EVM comparison at baseband and mmW bands between local and remote setups respect to B2B configuration for QPSK signal (IF=500 MHz) over 
40 GHz for 10 and 25 SSMF links: (a) EVM vs RoP (local setup), (b) EVM vs electrical power (local setup), (c) EVM vs RoP (remote setup), (d) EVM vs 

electrical power (remote setup).  

(a) (b)

(c) (d)
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remote (c)-(d) setups transmission over 10 and 25 km of SSMF 

in terms of EVM performance at baseband (0.5 GHz) and also 

at mmW band (40.5 GHz) versus received optical power (RoP) 

and electrical power, respectively.  

As expected, local setup leads to signal transmission results 

over 10 and 25 km links with similar performance for a given 

RoP with respect to the OB2B, both at baseband and at mmW 

band as expected from the transfer functions in Fig. 3(c)-(d). 

Note that results obtained at 40.5 GHz show higher EVM due 

to bandwidth limitation of the laboratory equipment, as also 

shown in electrical B2B (EB2B) measurements. EVM 

measurements vs the received electrical power, shown in 

Fig. 6(b), confirm the quality of the signal strictly depends on 

the measured electrical power for both baseband and mmW 

band and no further penalties are present in the system as can 

be observed from the comparison with the EB2B 

measurements. 

Additionally, Fig. 6(c) shows that EVM measurements over 

10 and 25 km fiber transmission at baseband under remote 

setup, which are similar to those obtained in OB2B 

configuration, as expected from Fig. 3(e) at 0.5 GHz. Note that 

EVM values in OB2B at 40.5 GHz are significantly larger due 

to the equipment bandwidth limitations mentioned above. 

However, in this band, remote setup (Fig. 6(d)) leads to a 

significant signal quality improvement, i.e. EVM reduction, 

according to the frequency response depicted in Fig. 3(f) which 

leads to higher electrical power (i.e. 15 dB gain for 25 km) for 

fixed RoP. In our experiment, this improvement is estimated as 

an EVM decrease from 48% to 18.7 % and 12.2 % over 10 and 

25 km, respectively, with 0 dBm RoP since electrical power 

increases with fiber length for fixed frequency and RoP. 

Moreover, Fig. 6(d) shows that EVM depends on the received 

electrical power for baseband and mmW band. In the mmW 

band, EVM OB2B measurements show 8 dB penalty with 

respect to baseband due to the bandwidth of the equipment but 

no further penalties are present and EVM keeps constant for a 

given electrical power level despite the fiber length. 

Fig. 7 shows the measured constellations for OB2 over 25 km 

SSMF with 3 dBm RoP at 40.5 GHz. Spread symbols with 

EVM levels above the threshold are shown for OB2B (Fig. 7(a)) 

and local (Fig. 7(b)) configurations. Nevertheless, according to 

theoretical predictions explained above, a clearer constellation 

is recovered for remote configuration (Fig. 7(c)), where only 

aslight distortion is shown for the outer symbols due to the 

IMD. 

The experimental work is completed by evaluating the 

system performance for different frequencies in order to 

confirm the theoretical and experimental frequency system 

response obtained in Section II of the paper. Fig. 8 shows EVM 

measurements and electrical received power as a function of the 

central frequency of the 250 MHz bandwidth QPSK signal both 

at baseband and at mmW band for OB2B, local and remote 

setups over 25 km fiber link.  

Fig. 8(a) for OB2B shows a clear correlation between EVM 

and electrical power, as they result from the DML frequency 

response (see Fig. 3(a)). Electrical power decreases (i.e. EVM 

increases) due to the 7.75 GHz bandwidth limitation on the 

DML, so measurements are shown up to 8 GHz. Accordingly, 

measurements in the mmW band have been done from 32 GHz 

(8 GHz below the 40 GHz band) up to 43.5 GHz due to the SA 

bandwidth limitation. Again, the electrical power follows the 

predicted behaviour of the theoretical frequency response (see 

Fig. 3(b)) with corresponding EVM values where several EVM 

fluctuations are observed above the threshold.  

Fig. 8(c) shows the electrical power and EVM measurement 

against frequency in baseband for local setup following the 

measured frequency response in Fig. 3(c), which is similar to 

that measured in OB2B setup. However, Fig. 8(d) shows some 

reduction (i.e. 2.5 dB at 35.5 GHz) of the electrical power with 

respect to the OB2B although a maximum is obtained at 7 GHz 

offset respect to 40 GHz, due to DML frequency response and 

also according to Fig. 3(d). Again, higher EVM values with 

some fluctuations due to signal processing are obtained above 

the threshold. 

Finally, the performance of the remote generation setup is 

also characterized in frequency. Fig. 8(e) shows the electrical 

power decrease (i.e. EVM increase) at 3.7 GHz for remote 

setup, in good agreement with the notch predicted by (21) in 

baseband frequency response. However, Fig. 8(f) shows a 

13 dB increase of electrical power (i.e. reduced EVM) with 

respect to OB2B along the measurement frequency range up to 

35.5 GHz (4.5 GHz below 40 GHz) in accordance to Fig. 3(f).  

IV. CONCLUSIONS 

Remote and local photonic mmW signal generation setups have 

been compared in the deployment of a 5G C-RAN fronthaul 

  
Fig. 7. Constellations at 3 dBm RoP for: (a) OB2B and over 25 km SSMF link for:(b) local and (c) remote setups. 

 

EVM=11.9%EVM=31.8%EVM=32%(a) (b) (c)
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link in order to estimate the capabilities and limitations of both 

approaches. An optical fronthaul based on a DML and carrier 

suppressed external modulation for frequency multiplying has 

been considered and a full analytical formulation has been 

obtained to completely describe the baseband and mmW band 

terms of the system frequency response. Very good agreement 

has been shown between theory and measurements for both 

setups which leads to useful guidelines for future network 

design.  

As expected, the local generation setup resembles the OB2B 

measurements both at baseband and mmW band since the 

dispersive effect at IF frequencies are less significant than RF 

frequencies. Accordingly, the remote scheme was expected to 

show worse performance since the dispersion is a 

non-negligible drawback for mmW transmitted signals. 

However, we have demonstrated that the remote setup leads to 

higher frequency response (i.e. 15 dB gain over 25 km fiber 

link) than the local setup in photonically generated mmW band 

due to the combined effect of dispersion and laser chirp, 

whereas the behaviour in baseband is significantly different. 

Transmission experiments using a 250 MHz QPSK signal 

have been done for the sake of characterization of the system 

performance under remote and local generation setups 

measured at baseband and mmW band. As theoretically 

predicted, EVM experimental results in the remote generation 

scheme show better performance than OB2B, which is observed 

to increase with fiber length, whereas the local setup leads to 

similar performance than OB2B. Furthermore, EVM 

measurements under both setups lead to conclude that no 

further penalties are introduced by photonic mmW signal 

generation since EVM is mainly dependent on the electrical 

received power. Therefore, the amplitude response of the 

system presented in this paper provides the main guideline for 

photonically assisted mmW C-RAN network design. The 

measured electrical spectra show higher IMD products in 

remote generation schemes, which could cause significant 

penalties for specific scenarios, as will be evaluated in further 

work.  

 

Fig. 8. EVM and received electrical power for different setups vs frequency over 25 km fiber link: (a)-(b) OB2B, (c)-(d) Local setup and (e)-(f) Remote setup, 

at baseband and millimeter wave band, respectively. 

(a)

(c) (d)

(f)

(b)

(e)
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Finally, transmission experiments with data band at a 

different central frequency within the laser bandwidth have 

been also performed and again, full agreement has been 

obtained between theoretical and experimental results. 
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