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Abstract— We present a mobile fronthaul methodology for the 

analogue optical transmission of native radio signals with 
integrated photonic true-time delay for the beam steering of 
phased-array antennas. Laser-based coherent homodyne 
detectors and the delay dissemination through ultra-dense 
wavelength division multiplexing ensure a low complexity at the 
optical layer. We experimentally demonstrate beamsteering for a 
linear phased-array antenna with a 1×3 configuration at 3.5 GHz 
carrier frequency and prove native radio signal transmission 
over the 14.3-km reach coherent optical fronthaul at a low end-
to-end error vector magnitude of 3.3%. Experimental results are 
found to stand in good agreement with theoretical predictions. 
 

Index Terms—Optical communication terminals, 5G, Optical 
signal detection, Mobile fronthaul, RF Beamforming, Microwave 
photonics 
 

I. INTRODUCTION 
PTICAL front- and backhaul networks have been 
adopted in modern 5G communication networks [1]. 

These optical links enable cloud-based radio access network 
(RAN) architectures where signal processing functions are 
efficiently pooled at a dedicated processing warehouse or 
mobile edge computing cloudlets [2]. This way of laying out 
the RAN ensures cost- and energy-efficient handling of radio 
signals, while it also allows for interference mitigation. At the 
same time, this RAN architecture overlaps with the 
consolidation efforts of optical wireline access. Under the 
umbrella of wireline-wireless convergence [3], the same fiber 
infrastructure may serve both aspects of fixed and mobile data 
transmission over fiber (or hybrid fiber-copper) and air, 
respectively. 
 The optical relaying of wireless signals over the fronthaul of 
the RAN has to preserve the signal integrity of the radio 
signals. Since opto-electronic signal conversion is prone to 
signal degradation due to non-linearity and noise, the optical 
radio signal transmission is often performed in the digital 
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domain [4,5] and may even involve front-end digital signal 
processing (DSP) functions at the antenna site. This means 
that the radio signal has to be digitized before optical 
transmission, incurring oversampling and a high resolution to 
avoid error floors due to analogue-to-digital and digital-to-
analogue (ADC/DAC) conversion functions. As such, the 
digital fronthaul effectively spoils the idea of centralizing 
digital functions: ADC/DAC (and optional DSP) functions 
must be again distributed at the antenna sites in the field, thus 
offsetting the cost- and energy-efficiency inherent to the 
cloud-RAN concept.  

In an attempt to find a trade-off for this implementation 
problem, various split options have been defined [1]. These 
options move more and more functions of the radio stack 
towards the cloud hostel, to eventually arrive at an analogue 
optical fronthaul that does not involve any ADC/DAC or DSP 
functions at the antenna site. Therefore, the complexity of 
field- and mass-deployed remote radio heads (RRH) remains 
relatively low. Analogue radio-over-fiber schemes [6] are now 
being intensively researched [7, 8] for this reason and have 
proven to be practically feasible. 

Besides antenna remoting and centralized baseband 
processing, antenna schemes building on multiple inputs and 
multiple outputs (MIMO) and the support for higher carrier 
frequencies are considered a key enabler for a migration from 
cell-centric to beam-centric radio access [9]. The formation of 
radio beams in mm-wave massive MIMO configurations is 
achieved through shifting the phase of the radio carrier 
frequency, preferably through a programmable true-time delay 
associated to each antenna element. Radio frequency (RF) 
based beamforming networks can easily become complex, are 
typically laid out for a specific carrier frequency and very 
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Fig. 1.  Optical fronthaul architecture with delay dissemination implemented 
in the UDWDM dimension, and coherent EML receivers performing delay 
selection for each of the independently steered antenna elements.  
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limited signal bandwidth and their inclusion at the antenna site 
further complicates the centralized RF management. For these 
reasons, transparent photonic RF beamforming methods 
compatible with high signal bandwidths and fast tuning 
response are of high interest. 

The scientific contribution of this work is the advancement 
of a conceptually simple analogue radio-over-fiber 
transmission scheme, introduced earlier [10], towards 
analogue coherent optical RF beamforming. We accomplish 
this task without altering the optical distribution network and 
without dedicated beamformer circuitry at the antenna site. 
Instead, we employ an electro-absorption modulated laser 
(EML) as coherent receiver, which enables us to introduce 
ultra-dense wavelength division multiplexing (UDWDM) as 
an optical dimension for signal aggregation. We extend our 
previous findings by exploiting the UDWDM concept with a 
low-complexity coherent receiver for the purpose of true-time 
delay dissemination to eventually integrate photonics-enabled 
RF beamsteering with the mobile optical fronthaul. 

The paper is organized as follows. Section II discusses the 
state-of-the-art in photonic-assisted RF beamforming methods 
and relates the current work to it. Section III introduces the 
beamforming concept that is integrated with the analogue 
mobile fronthaul. Section IV elaborates on the experimental 
arrangement, while Section V provides the results obtained for 
RF beamsteering. Section VI investigates the transmission 
performance for analogue radio-over-fiber transmission over 
the proposed beamforming architecture. Finally, Section VII 
concludes the work. 

II. STATE-OF-THE-ART IN TRUE-TIME DELAYS  
AND PHOTONIC-ASSISTED RF BEAMFORMERS 

A variety of analogue solutions for optical phase shifting and, 
more importantly, true-time delays (TTD) has been 
investigated in the past years [11-45], with the aim to leverage 
wide and flat bandwidths that are known for microwave 
photonics. Besides offering a large operating bandwidth, these 
microwave and mm-wave functions shall ideally be 
continuously tunable over a large delay range with a fast 
settling time between different operational set points, and shall 
be as transparent as possible, both in terms of optical loss, 
wavelength range and radio signal waveform. 
 There are many principles that can be exploited for realizing 
a TTD in the optical domain. Differential delays can be 
introduced through spatial switching or tuning of the 
propagation path [11-20] or transmission over a dispersive 
medium for which its wavelength-dependent dispersion slope 
suffices the required amount of phase delay [21-30]. Switched 
binary delays realized through fiber-optic [12, 14, 19, 20, 23] 
or waveguide-based delay lines [31, 32] lead to a 
discretization of the obtained delay, which is an undesired 
characteristic for 5G beamforming. Contrarily, wavelength-
tuned transmission over media featuring chromatic dispersion, 
such as single-mode fiber [21, 25, 28] or linearly chirped 
Bragg gratings [22, 24, 27, 30], provides a continuous delay 
setting, yet it requires a precise and stable optical source. 
Given the typically high bandwidth that is supported by opto-
electronics, low RF carrier frequencies become more 

challenging since rather long delay lines or highly dispersive 
media are required. Continuous delay settings can also be 
obtained using bulk optical assemblies that build on a tunable 
path delay through internal reflection mechanisms [11, 17] or 
spatial light modulators that enable arbitrary phase shifts [16]. 
Alternatively, highly compact elements that offer a tunable 
group delay at resonance, such as micro resonators [31-37] or 
waveguide gratings [38-40] can be directly implemented in 
InP, SiN or silicon-on-insulator based integrated circuits. A 
combination of switched binary delays and a smaller 
continuous delay element enables larger delays of up to 1.8 ns 
[32]. Tuning is obtained through a slower thermo-optic with 7 
µs response time [34], wavelength tuning using a fast tunable 
laser [13], or an inherently fast electro-optic effect with a 
settling time in the nanosecond range [12, 41]. Table I 
summarizes a wider range of demonstrations, which are not 
exclusively built on the aforementioned methods. 
 The availability of TTD elements allows to shape 
beamforming networks, which, as introductorily stated, are 
recognized as key building blocks in emerging radio access 
networks. Nonetheless, a rather small number of RF 
beamforming networks has been experimentally demonstrated. 
While early practical implementations have relied on fiber- 
[19, 21, 26-29] or bulk optics [16] for this purpose, the 
emergence and maturity of photonic integration platforms 
have allowed to drastically improve the compactness and 
scalability of TTD functions [14, 31, 33-40, 45] and 
beamforming networks [12, 20, 41]. The fractional signal 
bandwidth can greatly determine the complexity of a scaled up 
beamformer, since phase shifters become compatible 
constituent elements for narrow signal bandwidths and can be 
generally realized with lower complexity than advanced TTD 
functions. System-level performance with large bandwidth of 
more than 40 GHz [12, 17, 18, 24, 33, 41, 43] or support for 
high RF carrier frequencies of 93 GHz [20] has been 
eventually demonstrated, proving also compatibility with rapid 
beamsteering at switching times of 1 ns [27, 41] and small 
footprint for the beamforming network. 

All of the previous works rely on simple and proven PIN 
photoreceivers to convert the optically transmitted radio signal 
back to the electrical domain. We instead propose to use 
coherent rather than direct detection. Coherent detection 
typically leads to a radio frequency shift since the local optical 
oscillator (LO) and the optical source at the transmitter are 
free-running and thus in general not synchronized. Despite this 
implementation challenge, we will extend our preliminary 
investigation on an UDWDM-based antenna feed [46] and 
will experimentally demonstrate that RF beamforming can be 
achieved without requiring DSP, which would actually 
contradict the efforts of providing an analogue beamforming 
solution. The adoption of low-complexity coherent detection 
offers numerous benefits. Unlike in the RF domain, optical 
spectrum is abundant and can be used in broadcast-and-select 
architectures that build on an ultra-dense WDM methodology. 
We will exploit such an architecture in combination with the 
chromatic dispersion of the fronthaul for the purpose of delay 
dissemination, which together with comb transmission and 
coherent reception obviates the need for precise tunable lasers 
and tunable filters. Moreover, coherent detection can 
compensate for the optical losses in virtue of its sensitivity  
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TABLE I 
EXPERIMENTAL TRUE-TIME DELAY, PHASE-SHIFTER AND BEAMFORMING DEMONSTRATIONS 

Ref. Year Principle for TTD 
/ phase shifter 

Scan 
type 

Beam-
forming 

exp/(sim) 
Compactness Optical 

loss 
Bandwidth  

(signal width) 
Delay range  
(step size) 

Steering 
angle 

Tuning 
speed 

[11] 2002 internal path 
reflection discr. - bulk optical path 

reflector, 4.6 mm high N/A 18 - 26.5 GHz 
(2.5 Gb/s) 443 ps ±36° 1μs 

[12] 2006 switched delay discr. 1×4 InP PIC (8 × 10 mm2) 27-21 dB 
42.7 GHz 
(155Mb/s 

QAM) 
15.7 (2.2) ps -47.7° 5 ns 

[21] 2005 PCF cont. 1×4 Fiber-optics (PCF) 3.4 dB X band ±31 ps 23° - 

[13] 2008 fiber mirror array discr. (1×32) Fiber-optics (fiber 
mirror, WDM demux) 5-7 dB >12 GHz BW  

(1 GHz FM) 300 ns ±61° <1 µs 
(laser) 

[22] 2008 chirped FBG cont. - fiber-optics (FBG) 7.4 dB 1 to 18 GHz 1 ns ±60° - 

[23] 2009 switched FBG discr. - fiber-optics (optical 
switches, FBG) N/A 1 GHz 409 ps - - 

[33] 2010 cascade of 
coupled MRRs cont. - SOI PIC, 3.35 mm long 

(235 MRRs) 
17 dB 

off-chip 380 GHz 0.73 ps  
per MRR - - 

[14] 2010 switched delay discr. - SOI PIC (3.5 × 1.5 cm2) < 6dB X band 2.5 ns - <1 μs 
[42] 2010 Brillouin scattering cont. (32×32) fiber-optics (DSF) N/A 0.1 GHz at 6 GHz 10 ns ±45° - 
[43] 2010 PMF-based DI cont. (1×5) Fiber-optics (PMF, PBS) N/A 60 GHz 33.3 ps 90° - 
[24] 2011 chirped FBG cont. - fiber-optics (FBG) N/A 56 GHz 200 ps - - 
[15] 2011 MEMS mirrors discr. - 16 × 5 × 4 inch3 benchtop 10.22 dB 20 GHz 25 (0.3) ns - <100 μs 

[16] 2011 liquid crystal  
on silicon cont. 1×4 Bulk optics (LCoS, 

diffraction grating) N/A 10 GHz BW 0 to 2π 
±40°  
(18 

GHz) 
- 

[34] 2012 MRR array cont. - SOI PIC, 0.9 mm long  
(20 MRRs) ∼24dB 30 - 40 GHz  

(10.5 GHz pulse) 345 ps - 7.2 μs 
(thermal) 

[17] 2013 internal path 
reflection cont. - optical path reflector. 64 

lines: 12 × 17 × 8.4 cm3 <1 dB 40 GHz 30 ns - 500 µs 

[25] 2014 SMF /  
reconfigurable filter discr. - Fiber-optics (SMF) + 

programmable filter N/A 12 GHz 1.4 (0.07) 
ns - filter 

tuning 

[35] 2014 MRR cont. - SiN PIC 1.2  dB 
(on-chip) 3‒7 GHz 0.3 ns - thermal 

[38] 2014 reflective  
waveguide grating cont. - SOI PIC (130 µm long) 23 dB 

(off-chip) 
10 GHz 

 19.4 ps 
160°  

(22-29 
GHz) 

- 

[26] 2015 DCF cont. 1×2 Fiber-optics (DCF) N/A 0.3 GHz at 5.9, 
12.7, 17 GHz ±200 ps -22 to 29° laser 

tuning 

[18] 2015 heterogeneous MCF discr. - fiber-optics (7-core 
MCF) N/A 100 GHz 100 ps (typ.) - - 

[44] 2015 DI with phase 
shifter cont. - Fiber-optics (PMF, phase 

modulator) N/A 10 GHz 31.9 ps - 33 µs 

[27] 2016 chirped FBG in 
recirculating loop cont. 1×4 Fiber-optics (FBG) active 

loop 11.2 GHz 2.5 ns/trip ±60° <1 ns 

[36] 2016 MRR cont. - SOI PIC (167 × 230 
μm2) 13 dB 30.5 GHz 72 ps - pn 

junction 

[39] 2016 waveguide grating 
array discr. - SOI PIC (8 × 0.5 mm2) ~11 dB 

off-chip 
20 GHz  

(10 GHz pulse) 30 (10) ps - - 

[41] 2016 plasmonic phase 
modulator cont. 1×4 Si plasmonic PIC  

(800 × 550 µm2) ~18.5 dB narrow (1 Gbaud  
QPSK at 60 GHz) - 30° 1 ns 

[45] 2017 Brillouin scattering cont. - chalcogenide PIC  
(2.4 × 0.930 µm2) 4.8 dB 0.1 GHz 4 ns - - 

[28] 2017 DCF array cont. 1×8 fiber-optics (DCF array) N/A 9.5 to 10.5 GHz - 43° 12.5 ns 

[31] 2017 switched delay  
+ MRR cont. - SOI PIC (5.4 × 5.3 mm2) 12.4 dB 

on-chip 
60 GHz  

(30 Gb/s OOK) 1.28 ns - 19 μs 

[37] 2017 MRR cont. - SiN PIC (8 × 32 mm2) 10 dB 
(off-chip) 

8.7 GHz (3 Gb/s 
OOK at 41 GHz) 172.4 ps 49° - 

[29] 2018 chirped FBG cascade cont. 1×4 Fiber-optics (FBG) N/A 2 - 10 GHz 104 ps ±17.8° - 

[19] 2018 variable ODL  
+ MCF feed cont. 1×8 Fiber-optics (ODL, 

MCF) N/A 
V band (14 

Gb/s bonded 
QAM) 

±16.6 ps 30° - 

[40] 2018 waveguide grating cont. - SOI PIC (0.18 mm2) N/A X-band 300 ps ±67.84° 72.3°/μs 
[20] 2019 Switched delay discr. 1×4 SiN PIC (8 × 32 mm2) N/A W band (93 GHz) steps 1.5 ps -51 to 31° thermal 

[32] 2019 switched delay / 
MRR array 

discr. / 
cont. - SiN PIC (~1 × 2.4 cm2) 2.5 dB 

(on-chip) 
17.6 to 21.2 

GHz 1.8 ns - - 

[30] 2020 chirped FBG 
array cont. 1×4 Fiber-optics (FBG) N/A X + Ku bands ±250 ps ±36.8° - 

Abbreviations used in this table: DCF dispersion compensating fiber, DI delay interferometer, FBG fiber Bragg grating, InP Indium-Phosphide, LCoS liquid 
crystal on silicon, MCF multi-core fiber, MRR micro-ring resonator, ODL optical delay line, PCF photonic crystal fiber, PBS polarization beam splitter, SiN 
silicon nitride, SMF single-mode fiber, SOI silicon on insulator 
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gain. With these, beamforming functionality can be 
conveniently integrated with the analogue radio-over-fiber 
transmission at the mobile fronthaul. 

Cost-wise, extra components that are required for the 
integration of RF beamforming and that exceed what is 
fundamentally required for the optical fronthaul, such as 
optical transmitters, receivers, the transmission fiber and 
passive splitting functions as required to operate a multi-
element RRH over a single, cost-shared feeder lane, will raise 
the cost inefficiency of a solution. According to this basic and 
widely agreed principle of minimizing capital expenditures, 
earlier work that employs specialized fibers, dispersion-
tailored components or other fiber-optic bulk components [13, 
21-24, 43] will likely be associated to higher cost when 
compared with concepts that leverage photonic integrated 
circuit (PIC) technology that augments the opto-electronic 
RRH transceiver front-end with optically-enabled RF 
beamforming functions [12, 14, 33-41]. Towards this second 
direction, the largest cost contribution of PIC-based solutions 
derives from assembly and packaging [47]. It is therefore 
essential to reduce the number of fiber ports and electrical 
pins. The concept proposed in this work fits squarely, as it 
requires a minimum number of optical or electrical 
connections by virtue of its low-complexity coherent receiver 
with single fiber port and its realization of the RF 
beamforming function through the transmission medium in 
combination with coherent detection. 

III. FRONTHAUL WITH INTEGRATED RF BEAMFORMING 
The proposed coherent mobile fronthaul with integrated RF 

beamforming relies on three key ingredients, which are 
introduced in this Section and highlighted in Fig. 1: (i) delay 
dissemination through UDWDM in combination with (ii) the 
TTD contributed by the dispersive fronthaul feeder, and (iii) 
low-complexity coherent detection for filterless delay 
selection. 

A. UDWDM Fronthaul with Wavelength-Set Partitioning 
Figure 2(a) presents the optical fronthaul architecture on 

which the proposed concept builds. Radio signals are passed 
between the baseband units (BBU) hosted at the central office 
(CO) and the RRHs at the antenna sites. Analogue radio-over-
fiber transmission is the option of choice, since the entire RF 

management can be centralized. Paramount to such an 
approach are analogue opto-electronic transmitters and 
receivers [48], which stand in contradiction to the traditional 
use of digital optical transmission systems that deal with low-
complexity modulation formats such as on-off keying. 

The optical distribution network between the CO and the 
RRHs serves as point-to-multipoint fronthaul. A high number 
of RRHs is linked to the CO by means of UDWDM. An 
antenna site may either host a small number of RRHs or, in 
case of a site with beamforming capability, a larger number of 
RRHs. Such a beamforming-assisted site that is entirely 
controlled in its amplitude A and phase φ by the CO does 
greatly benefit from analogue transmission of the native radio 
waveform, as shall be evidenced from a comparison with 
digitized radio signal relay: Assuming a bandwidth of up to 1 
GHz for carrier-aggregated radio, a resolution of 12 bits and a 
2-fold oversampling for the ADC/DAC, and N antenna 
elements, the CPRI-equivalent data rate of the directly 
digitized radio signal at its carrier frequency amounts to N × 
24 Gb/s per sector prior to channel coding and can easily reach 
into the Tb/s regime [49]. 

Passive branching devices at the optical fronthaul network 
distribute the feeder signal of the CO towards the RRHs and 
combine the RRH signals vice versa. Two splitting stages are 
foreseen for this purpose: The first splitter distributes optical 
spectrum among different antenna sites. This can be facilitated 
in a colorless manner through a passive power split or, 
considering a relaxation for the link loss budget, by means of 
dense WDM. In either case a portion of spectrum with 
multiple tightly-spaced UDWDM channels can be allocated to 
each antenna site. In this way a virtual point-to-point link is 
established for each RRH element rather than macro-cell site. 
This densification in connectivity is accomplished through 
occupation of abundant optical spectrum. This available 
spectrum results from the optical whitespace between the 
dense WDM overlay as specified for 5G fronthauling [50]. 
The second splitter at the antenna site is employed to feed the 
associated coherent receivers (CRX) that are linked to the 
RRHs in a broadcast-and-select and therefore colorless and 
filterless fashion.  

Such an UDWDM methodology is known from wired 
optical access and has been identified as feasible [51], 
provided that the tail-end transceiver sub-systems at the 

   

Fig. 2.  (a) Optical fronthaul architecture with delay dissemination implemented in the UDWDM dimension, exploiting coherent homodyne receivers for (b) 
single-element RRHs and (c) arrayed RRH configuration with preceding TTD implemented optically. (d) Beamsteering with phased array antenna. 
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RRHs, where no cost-sharing applies, can be realized with a 
reasonable complexity. This aspect will be addressed in 
Section III.B. Each of the optical UDWDM slices, as sketched 
in Fig. 2(a) for the case of wavelength Λ and the 
corresponding optical emission frequency νΛ, is modulated 
with a radio signal at its RF carrier frequency fRF,TX. Coherent 
detection not only replaces the optical filters otherwise needed 
for channel selection, but also compensates the colorless 
power-splitting loss through its sensitivity gain. 

The transceivers employed at CO and RRH are laid out for 
analogue radio-over-fiber transmission. A transparent 
translation of the radio signals from the electrical to the optical 
domain, and vice versa, is endeavored in terms of low signal 
degradation due to noise or non-linearity, but also in terms of 
frequency preservation. The latter is of special interest when 
employing coherent detection, as endeavored in this work, 
since a free-running LO is to be incorporated as an optical 
synthesizer with unstable frequency and phase. 

B. Coherent Homodyne Detection with Laser Receiver 
Coherent detection is considered the enabler of an 

UDWDM architecture, which is associated to spectral 
efficiency and high optical budgets in virtue of the selectivity 
and sensitivity obtained through coherent reception. Yet, the 
practical implementation of coherent optical receivers is a 
complex exercise. The poor quality of optical sources in terms 
of frequency and phase stability, together with the 
uncontrolled polarization along a fiber-based lightpath, 
typically requires DSP functions to mitigate these optical layer 

impairments [52]. However, this renders the radio-over-fiber 
system one more time as a digital implementation. 

Figure 2(b) presents the alternative analogue coherent 
reception engine that is employed as the downlink receiver at 
the RRH. It essentially consists of an EML as a very compact 
single-polarization coherent receiver [53]. The incoming radio 
signal at wavelength Λ(1) is detected by the electro-absorption 
modulator (EAM), which serves as photodiode when biased at 
absorption. The distributed feedback laser (DFB) of the same 
EML is also absorbed by the EAM and hence, it beats with the 
radio signal. For this purpose, the emission frequency of the 
DFB is tuned to νΛ. Since the emission frequencies of the 
downlink transmitter at the CO and the EML at the RRH will 
generally differ, coherent intradyne detection applies. With 
this the received radio signal will appear at an RF carrier 
frequency fRF,RX ≈ fRF,TX. This means that the radio carrier 
frequency is changed and that optical double-sideband 
modulation leads to signal fading unless DSP is employed. 

In order to mitigate this shortcoming, the DFB laser is 
injection locked by the optical carrier of the received optical 
radio signal [54]. To do so, the DFB laser emission is tuned 
through temperature or current control over a range of ~3 nm, 
with the aim of locating it within the locking range of the 
incident radio signal. This frequency difference, in which 
locking occurs, is typically 200 MHz at -30 dBm [53]. Once 
the DFB is locked, the wavelength of the received signal and 
the LO match precisely, leading to fRF,RX = fRF,TX. This case of 
coherent homodyne detection leads to translation of the radio 
signal from the optical to the electrical domain while ensuring 
high signal integrity. In addition to our previous works, we 
further prove the compatibility with simpler double-sideband 
modulation at the optical downlink. 

It shall be stressed that a tandem-EML is required for 
polarization-independent operation [55]. Due to the scarcity of 
available EML devices for a multi-element antenna feed, the 
experiment has been conducted using manual polarization 
control in combination with a single-polarization EML. 

C. Delay Dissemination for True-Time Delay Selection 
The implementation of a multi-channel true-time delay by 

means of photonics and, in particular, integrated with the 
optical fronthaul, is considered an important aspect for further 
simplification of the RRH equipment. In this work, we exploit 
the already present optical transmission fiber as dispersive 

 
Fig. 3.  Experimental setup of the optical fronthaul with integrated photonic beamsteering. 
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element for this purpose, similar as in [25], and therefore as a 
shared TTD element. In this way, a wavelength-dependent 
delay is obtained and the relative phase shift in the RF domain 
is controlled through choice of the emission frequency of the 
optical carrier. However, in case that multiple antenna 
elements are to be fed, the respective signals need to be 
demultiplexed, a process that can face scalability issues as the 
number of radio-over-fiber sub-channels increases. 

UDWDM fits squarely to such a TTD scheme as it enables 
us to feed multiple antenna elements and allows for a fine 
granularity in terms of delay setting. Compared to [25], no 
complex filters are required, which eases the scalability 
towards a higher number of sub-channels. 

In the proposed concept for delay dissemination, the 
selected channel of the UDWDM broadcast can be associated 
to a certain delay δτ (Fig. 1). This delay is chosen by locking 
the LO ν(i) of the receiver independently on the respective 
UDWDM channel Λ(i). In case of a beamforming RRH array 
with linear antenna configuration, for which the CRX is 
presented in Fig. 2(c), the optical LO frequencies ν(1)…ν(N) are 
determining the phase shift at the antenna element. This 
relative phase among the particular RF signals that feed the 
elements of the phased array antenna will lead to a beam 
steering angle according to the well-known relation  

 

              (1)  
 
where c is the speed of light and a is the distance between 

two antenna elements, as sketched in Fig. 2(d). With λ(i) being 
the corresponding optical wavelength associated to the optical 
frequency ν(i) of the LO, D the dispersion coefficient of the 
fronthaul feeder, L its length and λL the lower cut-off 
wavelength for the DFB tuning range, the homodyne reception 
through the EML yields 

 

          (2) 
 
For a linear antenna with N elements, the LO wavelengths 

will be accordingly chosen with λ(i) = i ∙ Δλ + λL, in order to 

realize the respective phase shift φ between the RF carriers at 
consecutive antenna elements. The spacing Δλ can be 
constant, according to a UDWDM broadcast with fixed 
wavelength grid, but can also be flexible, as it would be the 
case in a grid-less UDWDM scheme. 

The injection locking methodology introduced in Section 
III.B, together with a multi-line transmission of radio-over-
fiber signals, can alleviate the beamforming network from 
precise tunable lasers, which are considered a complex 
element. By choosing a fixed spacing between comb lines, 
small enough to obtain a quasi-continuous delay tuning, the 
complexity for the optical power supply reduces to a single 
laser without precise wavelength alignment. This is because 
the relative difference between delay set-points is now 
determined by a stable RF tone used to generate the optical 
frequency comb, while the locking range of the EML receivers 
is large enough to obtain stable locking [54]. However, as 
Section V.C will discuss, a grid-based UDWDM scheme will 
impose a discretization that, in case of a large number of 
antenna elements, leads to a step size in beam steering that 
exceeds the beam width. In such a case, a grid-less UWDM 
scheme can offer a continuous delay tuning, at the expense of 
a more complicated wavelength control at the CO.  

UDWDM in combination with coherent reception with a 
simple and compact detector for every antenna element does 
also offer a high degree of flexibility. For example, the same 
UDWDM channel can be used by multiple receivers due to the 
filterless split architecture, which can raise the optical spectral 
efficiency in case of 1-dimensional beamforming. More 
importantly, multiple beams can be realized at a single RRH 
array by dedicating multiple, adjacent UDWDM wavelength 
sets to the same antenna site (Fig. 1). In such a case UDWDM 
sets do not necessarily relay the same radio signal over the 
fronthaul but are instead associated to different data streams. 

It shall also be stressed that it is possible to control not only 
the RF phase but also the RF amplitude of the radio signal. 
This possibility of setting the delivered power to the antenna 
element through the EAM bias of the coherent EML receiver 
[54] is seen as an important aspect towards sidelobe level 
control and therefore interference mitigation in mm-wave 
massive-MIMO systems [56]. 

arcsin c
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δτθ  =  

 

( )( )arcsin Li
cDL

a
θ λ λ = − 

 

    
Fig. 5.  Introduced (a) RF phase shift and (b) delay for the SMF fronthaul feeder. (c) RF Phase shift for the C-FBG and corresponding delay (d).  
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IV. EXPERIMENTAL SETUP 
The experimental setup to prove the downlink transmission 

for the proposed coherent analogue fronthaul with integrated 
photonic beamsteering for a 1×3 antenna configuration is 
shown in Fig. 3. At the CO a 125-MHz orthogonally 
frequency division multiplexed (OFDM) radio signal at a 
carrier fRF = 3.5 GHz with 128 sub-carriers is modulated as 
double-sideband signal on three closely spaced optical carriers 
ν1…ν3 in the vicinity of 1548 nm (Fig. 4). The UDWDM 
wavelength set is boosted, launched with 3 dBm/λ at an OSNR 
of 37.2 dB/0.1nm, and fed to the antenna site through a 14.3 
km single-mode fiber (SMF) span, which complies with the 
latency requirements of cloud-RAN architectures. At the CRX 
for the multi-element antenna, each of the elements is 
dedicated to an EML-based coherent detector. Transistor-
outline EMLs for 1548.51 nm were employed for this purpose 
and a 50Ω low-noise amplifier has been used as RF front-end. 
Although this is sub-optimal in terms of reception 
performance, it is unavoidable as a transimpedance amplifier 
cannot be co-integrated with the EML detector due to the 
transistor-outline package. The DFBs of the EMLs, which 
represent the LOs, are independently locked on the three 
UDWDM channels. In a different setting, they will be locked 
on the same channel. The time delay between the UDWDM 
channels is determined by the SMF and is further tailored by a 
dedicated linearly chirped fiber Bragg grating (C-FBG), which 
is introduced at the CRX. This grating had a center 
wavelength of 1550.1 nm, a bandwidth of 5.7 nm, a 
reflectivity of 99.2% and a length of ~20 nm. Manual 
polarization controllers have been inserted before the single-
polarization EMLs, as discussed earlier. The input power to 
the EMLs was -18.7 dBm/λ. The output of the EMLs are 

amplified, filtered by a bandpass at 3.59 GHz with a 
bandwidth of 2.2 GHz, and boosted to the 1×3 arrangement of 
a multi-element phased-array antenna that was designed for a 
carrier frequency of 3.5 GHz. Its beam is analyzed through a 
high-directivity receive antenna, which has an antenna gain of 
23 dB and is placed 1.5 m apart from the transmit antenna. In 
this way multi-path interference effects are suppressed, while 
the beam steering capability of the RF transmitter can be 
analyzed through rotating the transmit antenna by an azimuth 
α. 

V. PHOTONIC RF BEAMSTEERING 

A. Fronthaul-integrated TTD 
The delay obtained through photonic RF signal 

transmission has been analyzed by means of end-to-end 
fronthaul link characterization using a vector network analyzer 
after opto-electronic conversion with a PIN receiver. Figure 
5(a) shows the RF phase shift for exclusive transmission over 
the SMF feeder for various wavelengths in the range of 1546 
to 1550 nm. Clearly, the phase shift is high enough to allow 
for wide angle tuning, as it is also evident from the delay of up 
to 930 ns is obtained over the tuning range, as presented in 
Fig. 5(b). More importantly, the accomplished delay, which is 
a linear function of the wavelength, is independent of the RF 
carrier frequency. This renders the SMF as a TTD that can be 
used as a shared element to construct an RF beamformer, as 
introduced in Fig. 1. Since the main lobe of a so-formed 
antenna beam will orientate into the same direction for 
different RF frequencies, squint-free operation is obtained. 
The delay also agrees well with the model δτ = DL(λ – λL), 
with λL = 1546 nm, for which a dispersion coefficient of 17 
ps/(nm km) was assumed for the SMF. 

In the case that antenna sites are very closely located to the 
CO, the feeder length might be too short to introduce the 
required amount of delay. In this case, a C-FBG can be a 
compact alternative. Figure 5(c) reports the introduced RF 
phase shift for various wavelengths within the C-FBG 
reflection window, which is shown as inset. Although the shift 
shows a ripple and its extent is clearly less than for the 14.3 
km SMF, a delay of up to 50 ps can be supported at the end of 
the C-FBG reflection window (Fig. 5(d)). This delay would 
correspond to a ±4.9° steering angle at a RF carrier frequency 
of 5.9 GHz and a 4-element antenna, which is too narrow to 
cover an entire 120° sector. However, beamsteering can be 
supported in case of elevated RF carrier frequencies such as 
they are used in the mm-wave bands. 

It shall be stressed that dynamic delay tuning is to be 
supported in order to track moving objects or to swiftly switch 
between different end-users. Injection locking can be in 
principle supported for a delay- and thus wavelength-swept 
input data signal, as it has been experimentally validated for 
the proposed EML-based coherent receiver for a small 
wavelength detuning [57]. 

B. RF Beamsteering 
The PIN receiver has then been substituted by the EML 

 
Fig. 6.  Fronthauling of three identical RF carriers at 3.5 GHz with EML-
based coherent homodyne detectors in case of reception at (a) the same and 
(b) different UDWDM channels. The respective impact of the introduced 
phase shift φ on the beam pattern emitted by the phased-array transmit 
antenna is shown in (c) an (d). 
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receivers and all three optical carriers νi have been modulated 
by the same 3.5-GHz RF carrier. Figure 6 shows the received 
RF carriers f(i)

RF,RX at the EML outputs (point ε in Fig. 3). In 
the first case, presented in Fig. 6(a), all three EMLs lock on 
the central carrier ν2. This is possible since the 1×3 splitter at 
the CRX enables a filterless broadcast-and-select scheme. 
There is no phase difference between the RF carriers since 
there is no wavelength detuning, meaning that the RF beam 
will be emitted without steering. In the second case, presented 
in Fig. 6(b), the EMLs are individually locked on the three 
different optical carriers, which follow the UDWDM spacing 
of Δλ = 0.29 nm, as indicated in the inset of Fig. 4. The 
detuning leads to an experimentally confirmed relative phase 
shift of φ = 73° between the RF carriers, which is clearly 
visible in Fig. 6(b) and which agrees well with the expected 
value of 74.7° for the actual UDWDM channel spacing. For 
the given antenna, a = 0.6 ξ, with ξ being the wavelength 
associated to the RF carrier frequency of 3.5 GHz. With a 
relative delay of 73° between two RF carriers, we expect a 
steering by θ* = 19.8°. 

Figure 6 further reports the beam pattern as emitted by the 
phased-array transmit antenna. In order to obtain this 
characteristic, the transmit antenna has been rotated by an 
angle α while the high-directivity receive antenna has been 
kept fixed. For the equiphase feed with φ = 0 between the 
antenna elements, which is presented in Fig. 6(c) and 
corresponds to Fig. 6(a), the beam delivers its highest power at 
α = 0. When the relative phase shift φ of Fig. 6(b) is applied, 
the beam steers by θ ≈ 20°, as it is reported in Fig. 6(d). This 
agrees well with the expected angle θ*. 

C. Continuity in Beamsteering 
A delay dissemination scheme that builds on a comb with 

fixed UDWDM spacing will introduce a lower limit for the 
beam steering continuity. If we assume simple double-
sideband optical modulation, a RF carrier frequency of 3.5 
GHz and the obtained delay over SMF-based fronthaul, Eq. 
(2) yields a step size of 4° for the beam steering angle. This 
step size is smaller than the typical beamwidth [58] expected 
for corresponding 8×8 element antenna configurations. In case 

of spectrally efficient single-sideband UDWDM analogue 
radio-over-fiber transmission, the step size falls below the 
beamwidth of 16×16 antennas. If a truly continuous steering is 
required, a more elaborated spectral management that 
alleviates the UDWDM setup from a fixed, equidistant 
channel spacing needs to be implemented. In such an 
approach, the delay is no longer disseminated in a broadcast-
and-select methodology, but selectively transmitted. 

VI. ANALOGUE RADIO TRANSMISSION PERFORMANCE 
The transmission performance has been evaluated for a 16-

ary quadrature amplitude modulated (QAM) OFDM radio 
signal transmission in order to reliably retrieve larger error 
vector magnitude (EVM) values at high RF path loss resulting 
from off-centric beam measurements. The received OFDM 
signal spectrum after reception by an EML receiver (ε) is 
shown in Fig. 8(a). Coherent homodyne optical detection 
ensures that the RF carrier frequency is preserved, which is 
evidenced by the sharp pilot tone π at 3.5 GHz and the clear 
boundaries of the OFDM spectrum. The radio signal has been 
acquired by a real-time oscilloscope and has been offline 
demodulated. No further DSP functions have been applied 
besides bandpass filtering. 

Phase discrimination of the OFDM pilot π with a local RF 
reference can serve the auxiliary monitoring of the RF phase 

 
Fig. 8.  (a) Received OFDM signal after coherent homodyne detection with 
an EML, and (b) EVM performance at EML output after optical fronthaul 
transmission (ε) and additional RF propagation (ρ). The constellation is 
shown at the EML receiver output as aggregated QAM over all sub-carriers.  
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shift and wavelength-control of the optical receiver. Figure 7 
demonstrates an example for three OFDM constellations after 
opto-electronic conversion for the EML locked at ν(1)…ν(3). 
Phases of -39.5°, 35°, and 170.3° are measured for the pilots 
π1...π3. These values indicate proper alignment for channels 1 
and 2 for the aforementioned case, while channel 3 is still 
misaligned. 

In order to evaluate the transparency of the optical fronthaul 
with integrated RF beamforming to the radio signal, the EVM 
performance for the OFDM sub-carriers is presented in Fig. 
8(b). A low average EVM of 3.37% (●) far below the EVM 
antenna limit is obtained. The received constellation of the 
radio signal proves this point. This confirms that the coherent 
optical fronthaul with low-complexity opto-electronics is able 
to preserve the signal integrity, and does therefore not limit the 
reception performance of the native radio signal. 

Figure 9 shows the EVM of the 16-QAM OFDM signal as 
function of the received optical power at an EML receiver at 
the RRH. The EVM over all 128 sub-carriers reaches an 
average value that corresponds to the antenna limit of 12.5% 
for at a received power of -33.8 dBm (●). Comparison is also 
made with an OFDM signal that is composed of 1024 sub-
carriers (▲), which shows a penalty of 0.8 dB at the antenna 
limit that is attributed to the increased peak-to-average power 
ratio. The obtained sensitivities lead to a compatible loss 
budget of 35.6 dB. Taking into account end-of-life fiber 
transmission loss at the feeder, a large power margin of 31.6 
dB remains to be eroded by the loss of the optical splitter 
placed at the RRH to distribute the UDWDM signal to the 
coherent receivers feeding the antenna elements. 

Finally, EVM measurements have been conducted by 
manually altering the angle α of the transmit antenna in 
absence and presence of a relative phase φ between the 

elements of its phased-array configuration. Figure 10 presents 
the obtained EVM and constellations as function of α after RF 
propagation (point ρ in Fig. 3). Without beam steering, 
meaning that all EMLs lock on the same UDWDM channel 
ν2, a minimum average EVM of 3.33% is obtained at α = 0, 
since θ = 0. The respective EVM performance is included in 
Fig. 8(b,▲). When the transmit antenna is rotated by α = –20°, 
the EVM worsens up to 4.6%. With present beamsteering due 
to EML locking to different UDWDM channels ν1…ν3, the 
minimum EVM is now obtained when the transmit antenna is 
rotated by 20° and is found with 3.35%. Figure 11 shows a 
top-view of the antenna constellations for this case. At the 
original face-to-face alignment of transmit and receive antenna 
(α = 0), the EVM increases to 5.68% and worsens rapidly for 
negative α. These results resemble the photonically set 
deflection angle θ. 

VII. CONCLUSION 
We exploited the tunability of EMLs as analogue coherent 

optical homodyne detectors to support true-time delay 
functionality integrated with an analogue optical fronthaul. 
Wavelength partitioning in a broadcast-and-select UDWDM 
in combination with dispersive media allowed to set a shift in 
the RF carrier phase, which was eventually applied in a 
phased-array antenna configuration to steer the beam for radio 
signal transmission. Experimental beamsteering by 20° has 
been shown for a 14.3-km fronthaul link in good agreement to 
the theoretical model, with negligible EVM penalty for 16-
QAM OFDM reception at 3.5 GHz carrier frequency. 

Migration towards mm-wave frequencies in combination 
with a broadband EML receiver is left for future work. 
Moreover, the ability of a single EML to serve as bidirectional 
transceiver, as demonstrated in recent proof-of-concept 
demonstrations, may prove beneficial with respect to the 
presented RF beamforming architecture. 
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