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ABSTRACT With the rise of 5G and beyond, the ever-increasing data-rates demanded by mobile access
are severely challenging the capacity of optical fronthaul networks. Despite its high reliability and ease
of deployment, legacy digital radio-over-fiber (RoF) technologies face an upcoming bandwidth bottleneck
in the short term. This has motivated a renewed interest in the development of analog RoF alternatives,
owing to their high spectral efficiency. However, unlike its digital counterpart, analog RoF transmission
requires a highly linear transceiver to guarantee signal fidelity. Typical solutions exploited in recent research
works tend to adopt the use of bulky benchtop components, such as directly modulated lasers (DML) and
photodiodes. Although this provides a convenient and quick path for proof-of-concept demonstrations, there
is still a considerable gap between lab developments and commercial deployment. Most importantly, a key
question arises: can analog-RoF transceivers meet the 5G requirements while being competitive in terms of
cost and footprint? Following this challenge, in this work we exploit the use of a low-cost commercial off-
the-shelf (COTS) small form-factor pluggable (SFP) transceiver, originally designed for digital transmission
at 1 Gbps, which is properly adapted towards analog RoF transmission. Bypassing the digital electronics
circuitry of the SFP, while keeping the original transmitter optical sub-assembly (TOSA) and receiver
optical sub-assembly (ROSA), we demonstrate that high-performance 5G-compatible transmission can be
performed by reusing the key built-in components of current low-cost SFP-class transceivers. Particularly,
we demonstrate error vector magnitude (EVM) performances compatible with 5G 64QAM transmission both
at 100 MHz and 400 MHz. Furthermore, employing a memory polynomial model for digital pre-distortion
of the transmitted signal, we achieve 256QAM-compatible performance at 100 MHz bandwidth, after 20 km

fronthaul transmission.

INDEX TERMS 5G, memory polynomial, analog radio-over-fiber.

I. INTRODUCTION

The imminent rise of 5G and beyond radio communications,
together with the progressive adoption of the centralized
radio-access network (C-RAN) architecture [1], is bringing
new challenges for optical transceivers. Future transceivers
will have to cope with very tight requirements in terms of
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bandwidth, latency and reliability [2]. Digital fronthauling
based on the common radio public interface (CPRI) [3] speci-
fication has been adopted as the de facto standard for 4G-LTE
signals, with its most recent version (eCPRI) dividing func-
tionalities between the centralized unit and the distributed
unit, thereby achieving improved latency and capacity [17].
However, for next generation RANS, this fronthaul architec-
ture must be able to provide data rates beyond of hundred
Gbps [4] due to the larger bandwidth of 5G signals and the use
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FIGURE 1. Schematic of two RAN concepts: i) employing D-RoF transmission (above), and ii) another depicting an A-RoF architecture (below).

of massive multiple input multiple output (MIMO) systems.
This together with the tight latency requirements defined
for 5G signals, has triggered research on whether analog
fronthaul can be used instead [5]. Whereas analog fronthaul
lacks the resilience of the digital counterpart, it does however
reduce the requirements on the transceiver bandwidth and
also minimizes the fronthaul latency [1].

The performance of analog radio-over-fiber (A-RoF)
transceivers is impaired by several effects, including non-
linearities in the transceiver [6] and fiber dispersion, whose
penalty can be enhanced by the laser chirp [7]. The pres-
ence of such undesired effects is enhanced when using low-
cost transceivers, which are required for these applications.
To mitigate fiber dispersion, the use of an intermediate
frequency has been proposed for the mm-wave bands [8].
Mitigation of nonlinearities can be performed using
several digital pre-distortion (DPD) techniques, such as
memory polynomials [9], look-up-tables [10], or neural net-
works [11]. The complexity of these techniques should be
taken into account, and therefore lower complexity solu-
tions such as look-up-tables or memory polynomial are
preferred.

Due to the widespread dissemination of digital communi-
cations, the main efforts from the industry rely on developing
low-cost packaged digital transceivers, while most analog
solutions remain based on costly discrete components, which
require further driving/adaptation so that they can be used
for research purposes. In this work, we address this scarcity
of analog RoF solutions, exploiting a workaround to obtain
low-cost analog transceivers through the adaptation of a com-
mercial digital small form-factor pluggable (SFP) transceiver
to support the analog transmission of 5G signals. We address
key implementation issues such as the impact of crosstalk
between transmitter and receiver ports, and then we proceed
with experimentally testing the adapted low-cost transceiver
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in an optical analog fronthaul. In order to maximize
the transceiver performance, we propose a low-complexity
DPD method based on a memory polynomial. We demon-
strate that transmission over 20 km single-mode fiber (SMF)
does not impose any major impairment on the signal quality,
but nonlinear compensation is required to enable reception
of a 256QAM signal with EVM below the 3.5% established
limit [12].

In summary, the main novel contributions provided in this

work can be enumerated as follows,

i) proposal and demonstration of a simple adaption pro-
cedure over the electronic driving circuit of a low-cost
digital SFP transceiver, enabling its compatibility with
analog RoF transmission, while reusing the original
packaging and TOSA / ROSA components;

ii) detailed characterization of the adapted analog SFP
transceiver at the component level (S-parameters) and
system level (EVM performance in different 5G trans-
mission scenarios);

iii) performance enhancement of the adapted analog SFP
transceiver using a low-complexity DPD model based
on a memory polynomial,

iv) experimental demonstration of the performance com-
patibility of the proposed analog SFP transceiver for the
transmission of 5G signals with 100 MHz and 400 MHz
with 64QAM modulated subcarriers, extended to
256QAM-compatible operation (100 MHz) enabled by
a memory polynomial DPD.

Il. ANALOG RADIO-OVER-FIBER FOR 5G ACCESS

Figure 1 depicts the concept of a typical RAN employing
D-RoF transmission, and the alternative architecture with
analog transmission. The first difference observed consists
in the shift of equipment complexity from the distributed
unit (DU) to the centralized unit (CU). This is mainly due
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FIGURE 2. Simple adaptation to convert a commercial digital SFP into an
analog RoF transceiver. Red lines represent the shunt wires soldered into
the original PCB. (a) Modifications in the transmitter side and (b) in the
receiver side.

to the digital-to-analog converter (DAC) and analog-to-digital
converter (ADC) that were in the DU in the D-RoF scenario,
performing A/D conversion in the uplink and D/A conversion
in the downlink, which are relocated to the CU in the A-RoF
case, performing D/A conversion in the downlink and A/D
conversion in the uplink. This results in DUs that are simpler,
cheaper and with lower power consumption.

Other main drivers for the adoption of A-RoF systems
consist in their low-latency, ease of implementation and
high-spectral efficiency. Since in the A-RoF scenario, the
radio signals are directly transmitted, problems such as band-
width multiplication are avoided. In typical D-RoF scenarios,
this problem cannot be avoided, resulting in enormous
data rates for 5G typical scenarios. In this scenario, con-
sidering the employement of CPRI (Option 8 / Split E),
the data rate can be calculated using the following
expression:

1
datarate:MxerNXZEXwaC, @))

where M is the number of antennas per sector, S, the sampling
rate, N is the number of bits per sample, 2(//Q) is a multipli-
cation factor for in-phase (I) and quadrature-phase (Q) data,
C), is the factor of CPRI control word and C is a coding factor.
From the expression analysis it is easy to conclude that for
transmitting a given signal, the required fronthaul data rate
will be significantly expanded. For instance, considering the
case study of this paper, for the transmission of a 100 MHz
signal, if we consider M = 1, S, = 1.5 x 100 MHz,
N = 15, C, = 16/15 and C = 66/64, the resulting
data rate for the D-RoF scenario will be roughly 2.5 Gb/s.
Considering the maximum bandwidth specified for 5G i.e.
16 aggregated components carriers (CCs) each with 400 MHz
(total aggregated bandwidth of 6.4 GHz), the required data
rate given by expression (1) with the aforementioned param-
eters is 158 Gbps, which would require the use of two high-
end 100GBASE-LR4 transceivers (or even ER4-class, if the
fronthaul is longer than 10 km), thus imposing a high cost
and power consumption at the E/O ends and also a rather
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inefficient use of the optical spectrum (4 wavelengths per
transceiver). Instead, if A-RoF is considered, no bandwidth
expansion is imposed, and the 6.4 GHz radio signal can be
generated by an analog transceiver with a similar operating
bandwidth, thereby reducing the cost of the electronic com-
ponents and also reducing the spectral occupancy of the opti-
cal signal. A similar calculation for more than 100 antenna
modules, a 4-sector device supporting 400 MHz baseband
channels would roughly require 10 Tbps, which is equivalent
to about 400 optical OOK-DSB-50GHz-grid channels [16].
These high-capacity examples clearly expose the critical
upscaling issues that are associated with digital fronthauling,
which is driving a renewed interest on the development of
A-ROF solutions for 5G and beyond.

Another tight requirement for 5G networks is ultra low-
latency communications, where this latency time can be
reduced to 1 ms in urgent and specific scenarios. This is
another advantage of A-RoF systems which have a significant
gain in latency-terms when compared to its digital counter-
part. All these advantages are increasing the interest of the
scientific community in analog RANs, with multiple works
highlighting these advantages in field-trials applications and
real 5G networks [13]-[15]. Despite all the aforementioned
advantages of analog transmission it is difficult to encounter a
commercial off-the-shelf (COTS) analog optical transceiver.
In the next section, we propose a simple procedure to take
a COTS digital transceiver and convert it to perform analog
transmission.

Ill. SFP ADAPTATION FOR ANALOG TRANSMISSION

The transceivers under test are COTS SFP transceivers
designed for digital transmission at 1-10 Gb/s, which are
nowadays ubiquitous in fiber-optic access networks, and
whose cost is typically below 50 €. Let us start by unpack-
ing the SFP transceiver and analyzing its key components.
In Figure 3.a, we can identify three key parts of the digi-
tal SFP transceiver: i) the transmitter optical sub-assembly
(TOSA), which performs electrical-to-optical (E/O) conver-
sion using a directly-modulated laser, ii) the receiver optical
sub-assembly (ROSA), which performs optical-to-electrical
(O/E) conversion through an amplified photodiode, and iii)
the printed circuit board (PCB) that is responsible for electri-
cally driving the TOSA and ROSA components. Since these
transceivers are designed for digital fiber communications,
a set of necessary adaptations are required to enable the
transmission of analog optical signals. Note, however, that
the key optical transmission components, i.e. the TOSA and
ROSA parts of the transceiver, are fundamentally responsible
for the E/O and O/E conversion regardless of the properties
of the transmitted/received signals, i.e. they are transpar-
ent to the type of transmission, and therefore can be kept
in their original form, thus benefiting from the low-cost
and small form-factor integration of these components. The
main adaptations to enable analog transmission with the
SFP transceiver are then required at the RF driving level in
the PCB.
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FIGURE 3. Final prototype of the converted analog RoF transceiver.

(a) Open package showing the simple shunt modifications applied to the
original SFP board and (b) analog RoF transceiver enclosed in the
original SFP package.

A. ADAPTING THE ORIGINAL SFP ELECTRONICS FOR
ANALOG TRANSMISSION

In order to preserve the original form-factor and pin-out of the
standard SFP transceiver, we reuse the original digital board
and perform a direct bypass of the digital electronics. Figure 2
shows a functional view of the modifications performed.

As evidenced in Figure 2, the modifications simply consist
in bypassing the digital part of the board (buffering, equal-
ization, amplification, DC offset cancellation and amplitude
limitation) and directly wiring the input data pins to the output
ones. The final physical layout of the modified transceiver
can be observed in Figure 3, which evidences that these
small modifications enable to obtain a low-cost analog RoF
transceiver and keeping it in the original SFP package. Also
note that, in this work, we have used a SFP evaluation board
to provide access to the RF ports via SMA connectors.

IV. CHARACTERIZATION OF THE ANALOG SFP

Having successfully converted a digital transceiver into an
analog one, we proceeded with the characterization of these
transceivers. To this intent, firstly, S-parameter measurements
were performed to characterize the frequency response of the
analog transceivers. The E/O and O/E frequency response
of the transmitter and receiver are illustrated in Figure 4.
Note that the E/O frequency response of the TOSA is mea-
sured by using a calibrated photodiode at the receiver, while
the corresponding O/E frequency response of the ROSA is
obtained after de-embedding the frequency response of the
TOSA. From Figure4a we see that the transmitter shows a
considerable conversion loss of 40 dB on average for fre-
quencies up to 3 GHz and beyond 3 GHz the loss increases
gradually, exceeding 55 dB at 10 GHz. This shows the already
known poor conversion efficiency of direct modulated lasers.
For the receiver it can be seen that the O/E conversion gain
shows a decreasing trend from 45 dB near DC, down to 40 dB
at 7 GHz. After 7 GHz, the performance degrades severely.
When observing the combined response of the transmitter
and the receiver, (Figure4b) we see that for frequencies
below 3 GHz there is a gain in the system, provided by the
receiver TTA. However, when increasing the frequency for

24604

5 6 7 8 9 10

0 1 2 3 4

|S21‘ dB

RF Frequency (GHz)

FIGURE 4. (a) Transmitter and receiver E/O and O/E frequency responses
respectively. (b) Combined |S21]| of the transmitter and receiver.

[S11[, [S22| dB

25 —O— Transmitter 7]
—O— Receiver

-30 s s s s s s s s s

0 1 2 3 4 5 6 7 8 9 10
RF Frequency (GHz)

FIGURE 5. Electrical S, and S,, responses of the transmitter and
receiver respectively.

values above 7.5GHz the system insertion loss becomes
too high to apply in a practical scenario. The results of
the impedance matching measurement at the transmitter and
receiver RF ports are shown in Figure 5. The input reflection
coefficient at the transmitter input RF port (|Sy;]) show a
bad impedance matching with the |S11| being mostly between
—4 dB and —8 dB in the frequency range tested. In con-
trast, the receiver results reveal two regions with good port
impedance matching, with |Sy»| equal or below —10 dB.
The first one is from DC up to 2.5 GHz and the second
one is from 5.5 GHz up to 6.5 GHz. The clear dip below
—30dB in the |S;]| of the transmitter can be attributed to a
resonance in the input circuit confined between 8 GHz and
9 GHz. Overall, this S-parameter characterization shows the
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major impact of the transmitter conversion loss in the system.
It is worth noting that this simple digital-to-analog adaptation
procedure, basically consisting of four bypass wires, has been
performed with the main aim of providing a proof-of-concept
and easily reproducible demonstration. However, it should
be noted that improved impedance matching and conversion
efficiency might be achievable if the original SFP digital
electronics are entirely replaced by an analog driving board,
at the expense of a longer development time. Nevertheless,
the premise of this work is to assess the performance limits
of such a simple and fast digital-to-analog SFP conversion
procedure.

A. CROSSTALK MEASUREMENTS
Crosstalk between the transmitter and receiver can be a per-
formance bottleneck in A-RoF systems. Addressing this sub-
ject, we advanced the characterization process by measuring
the crosstalk in our A-RoF transceiver. In order to quantify
the impact of this problem in further tests, we designed
a simple experiment consisting in measuring the received
RF power with the laser on and off. The setup used to measure
the crosstalk is depicted in Figure 6. If the transmitter and
receiver are disconnected, it is not expected to receive any
RF power, however, this power still has a significant value
due to the crosstalk.

We have defined crosstalk as the ratio between the power
received with the laser off and the one with laser on:

AP — PLaser OFF (2)
P1aser ON
Fixing the RF power to 0 dBm, we measured the value of
AP sweeping the RF frequency between 1 GHz and 10 GHz.
These results are presented in Figure 7, which shows a clear
dependency between the crosstalk and the RF carrier fre-
quency. For higher frequencies (above 8 GHz), the crosstalk
is so high, that the RF received power is the same, regardless
of whether the optical link is connected or disconnected.
Given the EVM-SNR relationship,

SNR (dB)

EVM (%) = 10~ @

x 100, 3)

if we assume all the crosstalk to be noise, we can measure the
impact that it will have on the EVM. Since we are aiming to
transmit 5G signals over an RF carrier of 3.5 GHz, the EVM
will always have a floor limit of 10%, which already does not
comply with the 3GPP requirements for modulations formats
of 256QAM and 64QAM [12]. These results render the joint
utilization of the transmitter and receiver in the transceiver
more challenging, degrading the overall transmission per-
formance. To overcome this problem and to ensure that the
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FIGURE 7. Dependency of the crosstalk with the RF frequency with 0 dBm
RF power at the transmitter.

transceiver crosstalk is avoided, in all of the remaining tests
we have decided to use TOSA and ROSA from different
SFPs packages. Although this choice implies some hardware
inefficiency (one TOSA/ROSA is unutilized per SFP pair),
it guarantees a crosstalk-free operation.

V. EXPERIMENTAL SETUP
In order to emulate a real analog optical fronthaul, we have
implemented the experimental setup shown in Figure 8.
The setup is composed of an Arbitrary Waveform Genera-
tor (AWG) responsible for the generation of the RF baseband
signal. This AWG has two differential output channels cor-
responding to the I and Q waveforms. This signal is then
up-converted by the IQ mixer to an RF carrier of 3.5 GHz,
corresponding to the standardized FR1 [2], before directly
modulating the analog optical transmitter. The optical signal
then travels through a given length of Single Mode Fiber
(SMF). Before the optical receiver, there is a Variable Optical
Attenuator (VOA), which enables the control of the optical
power at the photodiode. The optical receiver performs the
O/E conversion and this electrical signal is received in the
Vector Signal Analyzer (VSA). The VSA down-converts
the signal and demodulates it using standard compensation
algorithms.

In order to maximize the performance of the low-cost
transceivers, we propose the use of nonlinear DPD based on
the following memory polynomial model,

K—10-1

wm)y=Yy Y g yn—q)-Iyn — gl )

k=0 g=0

where y is the transmitted signal without pre-distortion, z is
the pre-distorted signal, K is the nonlinear order and Q is the
memory depth. The optimization of the memory polynomial
coefficients, ayy, follows the strategy described in Figure 8.
First, the signals are generated in the AWG without DPD. The
measured signals are then used to calculate the coefficients of
the memory polynomial by comparison with the transmitted
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FIGURE 8. Experimental setup for extracting and applying a DPD model
in a low-cost optical fronthaul.

waveform. After calculating the coefficients, the signal is
pre-distorted with the DPD model.

The experimental analysis is divided in the following
stages: 1) back-to-back (B2B) performance assessment of
the TOSA/ROSA transceiver pair, ii) fronthaul performance
assessment, in which we consider a fiber link composed
of 20 km SMF, and iii) A-RoF performance enhancement.

VI. EXPERIMENTAL 5G RESULTS

A. 5G FR1 TRANSMISSION

1) OPTICAL B2B

The first test consisted in analyzing the performance of the
fronthaul in a simple scenario without optical fiber. The VOA
was used to set the optical power into the photodiode to
— 12 dBm. This test consisted in optimizing the RF power for
the 256QAM 5G signal. These optimizations were done for
various DPD models varying the values of K and Q described
in equation (4). The first implemented model consists only
of a linear compensation with one sample memory. After,
we tested a DPD model without memory (Q = 1), while
increasing the nonlinear order of the model (K) until obtain-
ing the best performance. With the optimized value of K,
we increased the memory of the model until finding its best
value. The obtained results are plotted in Figure 9. As can
be seen, without DPD the best EVM was obtained for an RF
power of 0 dBm, and has a value of 4.3%. Note that this value
is above the 3.5% limit established by 3GPP for 256QAM
transmission. The linear compensation corresponding to the
blue dashed line in the figure presented similar results to
those obtained without DPD. With all the nonlinear models
implemented we obtained a considerable EVM reduction,
with the best DPD model (Q = 1,K = 5), yielding an
EVM of 3.2%. This model shows also to be better in terms of
RF power margin where the EVM is below 3.5%, providing
approximately a 2 dB tolerance for transmitted power detun-
ing. Not shown here for brevity but increasing the nonlinear
order for values higher than 5 resulted in a progressive loss
of performance, likely triggered by a less accurate model
extraction of higher-order nonlinearities. It is interesting to
observe that the best absolute performance was obtained for
a higher power than the optimum without DPD (3 dBm),
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FIGURE 10. Measured EVM after 20 km SMF for the cases of no DPD and
different nonlinear DPD based on memory polynomials, for a 100 MHz
signal with a 3.5 GHz carrier.

which is a well-known advantage of nonlinear compensation
in general: by mitigating nonlinearities, higher powers can be
launched into the transmission system, thereby resulting in
an improved SNR and/or power-budget. It is worth noticing
that, all the considered DPD models in Figure 9 enable to
successfully transmit a 5G 256QAM signal with an EVM
below the 3GPP limit.

2) 20 km ANALYSIS

After studying the B2B performance, we added 20 km of
SMF in order to get a more realistic fronthaul scenario. With
this setup, there were two main goals. First, to verify if the
model obtained in B2B is accurate enough to achieve the
best transmission performance with a fiber fronthaul. This
would bring a great advantage in practical terms, enabling the
optimization of the DPD model for the optical transceivers in
a controlled laboratory environment without requiring indi-
vidual optimization in different fronthaul networks. The other
main goal of this test, which is also inherently related with
the first, is to test whether a long fronthaul link composed of
20 km SMF would introduce memory effects in the system.
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With these goals in mind, we have continued the tests using
the best DPD model obtained in B2B (Q = 1,K = 5)
and with O = 2 and K = 5. For the memoryless model
(O = 1I,K = 5), we have measured the performance
applying the model obtained in B2B as well as extracting a
new model taking into account the 20 km in the system. It is
worth noticing that the insertion of the fiber link required to
increase the power in the photodiode to —10.5 dBm in order
to achieve the best performance. The obtained results are
shown in Figure 10. Without DPD the performance remains
similar to the B2B case, with minimum EVM of 4.3% when
the RF power is 0 dBm. Through the analysis of Figure 10,
it is possible to conclude that the model obtained in B2B is
still valid up to an RF power of 2 dBm, achieving a minimum
EVM of 3.3%. The benefits of extracting the model again
are visible for higher powers, enabling to achieve an EVM
of 3.2% for an RF power of 3 dBm. It is worth to notice that
the model obtained in B2B was still capable of presenting
a very good performance being only 0.1% worse than those
obtained with 20 km fiber link. The next step was to analyze
if the 20 km SMF introduced memory in the system, so we
extracted and applied a memory polynomial with Q = 2 and
K = 5, whichis signaled in the figure by a blue solid line. The
system remains memoryless since the performance degrades
relatively to the Q = 1, K = 5 scenario, yielding a minimum
EVM of 3.3% at the optimum RF power of 3 dBm. Once again
with all the DPD models, it was possible to obtain an EVM
below the 3GPP limit for 256QAM.

Considering equation (3) we can calculate the SNR gain
obtained with DPD. An EVM of 4.3% corresponds to an SNR
of 27.3 dB, whereas an EVM of 3.2% corresponds to an SNR
of 29.9 dB. Therefore, we may conclude that DPD effectively
provides an SNR improvement of approximately 3 dB, which
is a remarkable gain. These improvements are clear when
observing the spectrum of the signal with and without pre-
distortion. In Figure 11 it is possible to observe the improve-
ment on the signal spectrum at the power of 3 dBm caused by
the usage of DPD. Without DPD there is a clear nonlinear
phenomenon in the adjacent bands of the signal, which is
commonly designated as ‘“‘spectral regrowth”. It is possi-
ble to see that the applied DPD model compensate almost
completely for these bands. The signal spectra obtained at
the optimum power without DPD (0 dBm) is also shown in
Figure 11. From the results, we may conclude that DPD has
effectively compensated for the nonlinear distortions gener-
ated by the 3 dB increased power, thus resulting in an effective
gain of 3 dB in SNR, which very nearly matches the observed
gains in terms of EVM.

B. 5G FR2 TRANSMISSION

1) IF ANALYSIS

Since 3GPP has defined the mmWave range for FR2 trans-
mission, to be able to transmit these signals with our adapted
transceivers, we need to convert them to an intermediate
frequency (IF), leading to a system configuration that is typi-
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FIGURE 11. Measured spectra for the optical case without DPD (0 dBm),
and for the optical case when performing DPD (3 dBm) before and after
applying the model.
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FIGURE 12. Measured EVM for different IF values with a 64QAM 400 MHz
transmitted signal.

cally designated as IF-over-fiber (IFoF). To optimize the best
suited IF for our system, we started by sending a 400 MHz
64QAM signal using different IFs with an RF power of 0 dBm
and analysed the measured EVM. The results obtained from
this analysis are depicted in Figure 12. Despite not showing
a clear tendency, the results show an EVM minimum of
5.5% for an IF of 3.5 GHz. Besides maximizing the A-RoF
transceiver performance, this 3.5GHz IF choice also shows
the advantage of enabling an improved compatibility between
the FR1 and FR2 transmission modes.

2) PERFORMANCE ASSESSMENT

After optimizing the value of the transmitted IF we measured
the performance achievable in an FR2 scenario with our
setup. To this intent, we used the same 5G signal as before
(64QAM, 400 MHz) at the optimum IF of 3.5 GHz. With this
signal, we performed tests without fiber and with 20 km SMF.
Figure 13 shows the results obtained when sweeping the RF
power transmitted, without any DPD and with the best DPD
model found (Q = 2, K = 3), for each scenario. It is observ-
able from the presented results that there is a slight increase
in the optimum RF power, which is related with having
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FIGURE 13. Measured EVM in an OB2B scenario and with 20 km SMF, for
the cases of no DPD and best DPD model obtained (Q = 2, K = 3), for a
400 MHz signal with a 3.5 GHz carrier.

increased the signal bandwidth from 100 MHz to 400 MHz,
leading to a power spreading over the frequencies spectrum.
This bandwidth increase also leads to the enhancement of
filtering effects that introduce more memory into the system,
resulting in an optimum DPD model with a memory tap.
From the results, we observe that, for both scenarios, simply
optimizing the RF power driving the SFP is enough to achieve
64QAM transmission (where the 3GPP limit is 8% EVM).
Without any DPD we obtained an EVM of 5.2% and 6.3%,
in OB2B and with 20 km SMEF, respectively. However, with
the best DPD models found, the performance was improved
to 4.8% in the OB2B scenario, and 5.5% with 20 km SMF.

C. DPD COMPLEXITY ANALYSIS

An underlying problem with introducing advanced tech-
niques for nonlinear DPD is the increased complexity in these
systems. For this reason, we decided to perform a complexity
analysis of the proposed memory polynomial DPD method.
In order to quantify their complexity, we will use the number

of real multiplications (Nrms) required to pre-distort each
sample of the transmitted signal. To proceed with this analy-
sis, let us return to equation (4) and, since both a, and y(n)
are complex numbers, rewrite it as,

K—-10-1

) =Y > arg.ryr(n — q) — arg.yiln — q)]

k=0 g=0

Real component (2 RMs)
+j [arg.ryi(n — @) + agg,iy-(n — DDy — @)I*,

Imaginary component (2 RMs)

&)

where we consider that the absolute value of y(n — ¢) can be
computed as,!

ly(n — )| = \/yr(n —q? +yi(n — q)*. (©6)
2 RMs

Noting that the number of RMs grows linearly with the DPD
memory, O, we can start by analyzing the model complexity
for the case of Q = 1, with increasing polynomial order, K,
as shown in equations (8) to (11), as shown at the bottom of
the page.

Note that, when computing |y(n)|k for k > 1, we assume
that the value of |y(n)|*~! has already been previously com-
puted and stored in memory, and therefore there is only
one extra real multiplication needed to evaluate |y(n)|f =
)yl

Finally, generalizing the above examples for any value of
K and Q, we obtain that the following analytical expression

INote that, for simplicity, we neglect the complexity associated with
the +/(.) operation, as its hardware implementation might follow different
algorithms, namely resorting to the use of look-up tables. Nevertheless, it is
worth noting that for any memory polynomial of order K > 1 and memory
Q, only Q square-root operations are actually required; i.e. once the value of
|y(n — g)| is first computed, it can be stored in memory for the subsequent
evaluation of its [y(n — q)\k products.

e K=1
([aoo.ryr(n) — aoo.iyi(m)] +j [aco.ryi(n) + aco.iyr(1)]) ly(n)|® — 4 RMs ®)
2 RMs 2 RMs =1
« K =2
. +2 fi . (6) +4 fi . (8)
[@10,r9r(7) — a10,y(mYO)| 4 [a10,y1() + a10.iyrm)][y(n)]| ——t o 12 RMs ©)
3 RMs 3 RMs
e K=3
. +12 6 . (9) +1 from [y(n)|?
[a20.ryr () — a2,y )| i [ax0,ryi(n) + a20,iyr ()] y(R)]> ——— o, 19RMs (10)
3 RMs 3 RMs
« K =4

[a30,ryr (1) — azo,iyi(my(m) > +j [azo,vi(m) + azo,iyr(m)]1[y(n)

+19 fi . (10) +1 fi 3
|3 rom eq. (10) rom |y(n)| 26 RMs (11

3 RMs
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that fully describes the complexity (in number of RMs) of the
memory polynomial model,

Nt = | 12 ST
6+6(K—-1+(K—2)0, ifK >2.

Having obtained this relation, we can now calculate the
number of multiplications required to implement the mem-
ory polynomial DPD at the best complexity-vs-performance
tradeoff previously found in Figs. 9, 10 and 13, i.e. K = 5,
Q = land K = 3, Q = 2, yielding a complexity of
33 and 38 multiplications, respectively. Through this in-depth
complexity analysis, we can then conclude that the utilized
memory polynomial model is effectively a low-complexity
subsystem. As a baseline for comparison, the number of
multiplications required for its operation is lower than what
would be required for a standard linear filter with 10 taps (i.e.
40 as in the upper branch of (8), for K = 1).

VIl. CONCLUSION
In this paper, we addressed one of the main challenges in
the upcoming next-generation RANs, namely, the bandwidth
bottleneck imposed by digital fronthauling in typical archi-
tectures. With the rise of 5G and the emergence of 6G spec-
ifications, it is required to search for alternative technolo-
gies that meet these unprecedented demands. Answering to
these requirements and responding to the scarcity of low-cost
analog optical transceivers, we have demonstrated a simple
procedure to take a low-cost COTS digital SPF transceiver,
and modity it to perform analog transmission. With the simple
modifications exposed in the paper, we were able to obtain
an SFP-packaged analog transceiver, capable of transmitting
100 MHz and 400 MHz 64QAM signals meeting the 3GPP
EVM requirements. Moreover, a memory-polynomial based
pre-distortion technique has been shown to partially coun-
teract the limitations inherent to the simple digital-to-analog
adaption procedure, enabling to meet the EVM specifications
for transmitting a 100 MHz 256QAM signal over 20 km SMF.
Although the proposed digital-to-analog adaption of the
SFP transceiver is not deemed as a practical solution for the
marketization of analog RoF transceivers, the results pre-
sented in this work demonstrate that it is possible to design
high-performance analog RoF solutions using low-cost com-
ponents that have found matured deployment in the low-end
digital optics market. Furthermore, the analog-adaption
methodology and digital pre-distortion technique demon-
strated in this work might provide useful insights for the
research community, facilitating the access to low-cost RoF
solutions as an enabling technology to support the experimen-
tation and prototyping of complex 5G and 6G optical access
architectures in laboratory environments.
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