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Abstract—We propose and experimentally demonstrate the use
of a directly modulated laser (DML) in an optical phase modulated
(PM)-assisted millimeter-wave (mmW) signal generation system.
A comprehensive analytical model is provided to accurately de-
scribe the system frequency response, which is also validated by
the experimental measurements. For the purpose of the system
characterization, the transmission performance is analyzed using
a QPSK signal at different operating mmW frequencies over large
received optical power (RoP) and electrical data power ranges
in a 10 km standard single mode fiber (SSMF) link. Both the
impact of the noise and the DML nonlinearities lead to identify the
optimal conditions for the system operation where PM-based mmW
signal photonic generation demonstrates total transparency with
no further signal degradation. Final comparison with IM technique
for mmW signal generation leads to assess the robustness of PM
solution which makes it promising for the deployment of future
communication networks.

Index Terms—5G-6G mobile communications, directly
modulated lasers, microwave photonics, millimeter-wave signal
generation, phase modulation, radio-over-fiber.

I. INTRODUCTION

WHILE the fifth generation (5G) mobile communications
networks is currently deployed throughout the world,

academy and industry focus their goals to satisfy the future
demands for sixth generation (6G) systems, which are not only
based on the exponential growth of mobile traffic and mobile
subscriptions but also on new disruptive services and applica-
tions. Accordingly, key enabling technologies for 6G can be cat-
egorized into these groups [1]: new spectrum, new networking,
new air interface, new architecture, and new paradigm; which
are also driven by the intrinsic need of mobile communication
society to continuously improve the cost, energy, and spectrum
efficiency.
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More concretely, the main new spectrum enablers consist
of using millimeter wave (mmW) and terahertz (THz) bands,
visible light communications (VLC), optical wireless commu-
nications (OWC), and dynamic spectrum management (DSM).

The mmW technology, namely employing 30 to 300 GHz
spectral range, was already introduced by the 5G new radio,
but remains as an essential component in future 6G networks
due to its broad bandwidth compared to legacy RF technologies
working below 6 GHz, the smaller antenna size (i.e., larger
dimension of antenna arrays), the use of low attenuation bands
(i.e., 35 GHz) for long-distance peer-to-peer communications,
and the possibility of exploitation of frequencies suffering high
attenuation (i.e., 60 GHz) by short links with stringent safety
requirements. However, there are still some challenges to over-
come such as the blockage in line-of-sight (LOS) scenarios with
presence of multiple moving objects, the interference among
different access points in scenarios with dense links and the
broad bandwidth and high transmission power that can lead to
severe non-linear signal distortions and imposes higher technical
requirements for the electronics than those for RF devices [2].

Standard single-mode fibers (SSMF) offer low loss propa-
gation and distribution of mmW signals over long distances
in Radio-over-Fiber (RoF) networks. Additionally, the litera-
ture presents many promising photonic approaches for mmW
signal generation, such as those based on the use of external
modulators, that results attractive due to the simplicity and
high purity generated signals [3]. Despite the numerous optical
heterodyning approaches presented in the literature based on
intensity modulation, the use of phase modulators (PM) has
been widely reported as an attractive approach to avoid the lack
of thermal stability of those ones using Mach–Zehnder modu-
lator (MZM) which is related to the biasing drift. Additionally,
proper biasing of a MZM is an important drawback for photonic
subcarrier frequency up-converters which require an efficient
optical carrier suppression. Moreover, commercial MZMs have
asymmetric arms due to manufacturing limitation which further
reduces the optimization of the required biasing point. Indeed,
previous works present the mmW signals generation by a null-
biased MZM but an external RF hybrid is required to achieve
an effective suppression of the optical carrier [4]. In general,
PM-based approaches usually show higher signal-to-noise ratio
than IM schemes since the insertion losses are lower in the
former case.
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Fig. 1. (a) Schematic for DML signal transmission over PM-based mmW generated signal with optical carrier filtering, (b) Optical spectrum after the PM (P1) and
(c) Optical spectrum after the fiber link just prior to PD (P4). CO-BBU: baseband unit at the central office, DG: digital generator, DML: directly modulated laser,
PC: polarization controller, PM: phase modulator, LO: local oscillator, OBRF: optical band-rejection filter, EDFA: erbium doped amplifier, OBPF: optical bandpass
filter, ODN: optical distribution network, SSMF: standard single mode fiber, RRH: remote radio head, VOA: variable optical attenuator, PD: photodetector, VSA:
vector signal analyzer.

In this context, the lack of any dc-bias signal can be considered
one of the main advantages of the optical phase modulators
although phase-to-intensity modulation (PM-to-IM) conversion
is needed before photodetection. This can be done by signal
propagation over a dispersive device, i.e., fiber chromatic dis-
persion [5] although the fiber length must be carefully chosen
to optimize the system performance. Alternatively, this PM-to-
IM conversion can be performed by selecting the appropriate
optical bands to obtain the desired mmW frequency after opto-
electronic conversion by means of fixed optical filters such as
fiber Bragg gratings [6] or other sophisticated filtering devices
[7]. In addition, nonlinear effects are used for narrowband fil-
tering by means of Brillouin assisted fiber rings [8] or remote
injection locking schemes in distributed feedback laser diode
(DFB LD) [9].

Moreover, the interest of PM as a component in the optical
transceiver has been recently shown in experimental demonstra-
tions, such as bidirectional fiber-wireless systems using PM for
uplink [10], [11], or both downlink and uplink [12]. Recently,
M-quadrature amplitude modulation (QAM) vector mmW sig-
nal generation has been experimentally demonstrated employing
a frequency doubling scheme and a precoding technique [13],
[14]. However, so far, the data signal carried at RF drives the
phase external modulator which requires specific electronic
drivers and lacks from the advantages of directly modulated laser
(DML)-based approach already proposed for the implementa-
tion of future cloud-radio access networks (C-RAN) including
photonic mmW generation based on MZM [15].

In this article, to the best of our knowledge, we present, for
the first time, an approach based on intensity modulation for
data transmission by means of a DML in photonically generated
mmW signals using optical filtering to achieve PM-to-IM fre-
quency up-conversion. The system performance is analyzed both

theoretically and experimentally in order to optimize properly
the transmission of the generated mmW signal.

The article is structured as follows. Section II provides the
theoretical and experimental system description, Section III
presents the experimental transmission results, also including
a comparison with IM scheme for the sake of final assessment
of the proposed approach, and Section IV summarizes the main
conclusions of this work.

II. SYSTEM DESCRIPTION

A. Analytical Model

In this section, we present the theoretical analysis of a new
architecture for photonic mmW signal generation based on
external PM frequency up-conversion and directly intensity
modulation for data transmission, as depicted in Fig. 1(a).

A DML located at the baseband unit (BBU) in the central
office (CO) emits an optical carrier at an angular optical fre-
quency ω0 = 2πfo which is modulated by data carried by
an intermediate frequency ωIF . The digital data sequence is
provided by a data generator (DG) with an electrical power
PIF .

In the following, and for the sake of characterizing the system
response, the optical field at the DML output is analytically
derived after laser direct modulation by a single tone at an
angular frequencyωIF = 2πfIF . Provided small-signal regime
is considered, the following expression is obtained [15], [16]:

EDML (t) =
√

Poe
jωot

[
1 +m+ · ejωIF t +m− · e−jωIF t

]
(1)

where Po is the optical output power of the laser and the
modulation indexes m+ and m− are given by:



m+ =
1

2

(
mAM + jmPMejΔϕ

)

m− =
1

2

(
mAM + jmPMe−jΔϕ

)
(2)

Here, mPM and mAM are the phase and amplitude mod-
ulation indexes, respectively, and Δϕ is the phase difference
between the phase and amplitude modulation introduced by the
laser. Note thatmAM is directly proportional to

√
PIF . All these

parameters are related to the chirp characteristics of the laser,
i.e., the linewidth enhancement factor, α, and the adiabatic laser
chirp, κ. Concretely,

mPM

mAM
· ejΔϕ = α

(
1− j

κPo

ωIF
(3)

The output fieldEDML(t) is then sent into a polarization con-
troller (PC) for optimizing its polarization state before launching
onto a PM. This PM is driven by a single electrical tone with
angular frequency ωRF = 2πfRF and power PRF , generated
by a local oscillator (LO). Thus, its impulse response can be
written as follows:

hPM (t) = ejmRF cos(ωRF t) =
n

(j)nJn (mRF ) ejnωRF t

(4)
where mRF is the modulation index which is related to the
efficiency of the PM as the ratio between the applied voltage
VRF which is proportional to

√
PRF and the intrinsic half wave

voltage Vπ parameter. Since small signal regime is considered,
the only relevant terms are n = 0, 1 and 2 in (4).

The resulting optical modulated signal, i.e., EDML(t) ·
hPM (t), is then sent to an optical band-rejection filter (OBRF)
to suppress the optical carrier. Fig. 1(b) shows the optical spec-
tra after PM where first and second order harmonic distortion
correspond to fRF and 2fRF , respectively. In this experiment, a
rectangular optical filter hOBRF (ω) is defined with a frequency
transfer function:

hOBRF (ω) =
To if |ω − ωo| < δωo

2

1 if |ω − ωo| > δωo

2

(5)

where δωo is the optical bandwidth of the filter and To is the
nominal transmission at the rejected band. Note that To = 1
means there is no actual OBRF.

At the optical distribution network (ODN), the signal is then
transmitted through a SSMF link to the remote radio head
(RRH). Note that an erbium-doped fiber amplifier (EDFA) is
included to compensate the optical losses and an optical band-
pass filter (OBPF) is used to reduce the amplified spontaneous
emission (ASE) noise. The impulse response of the SSMF,
hSSMF (t), can be expressed as [17]:

hSSMF (t) =
1√

j2πβ2L
ej

π
2β2L t2 (6)

where the dispersion parameter β2 is the second derivative of
the propagation constant with respect to the optical frequency at
ω0, and L is the fiber length.

In this way, the input electric field at the photodiode, EPD(t),
in Fig. 1, is given by the convolution between the electric field

after the modulation stages and the response of the dispersive 
section, given by:

EPD  (t) = [EDML (t) · hPM  (t)] ⊗ hOBRF (t) ⊗ hSSMF (t)
(7)

where hOBRF (t) is the time impulse response of the OBRF, 
given by the Fourier Transform of the frequency response in (5). 
In addition, a variable optical attenuator (VOA) is considered 
to control the received optical power (RoP) just before the 
photodetector (PD). Therefore, by using the abovementioned 
equations, the following expression can be obtained:

EPD (t) =
[
ToJo (mRF ) + jJ1 (mRF ) e

j 1
2β2Lω2

RF

× (
ejωRF t + e−jωRF t

)

− J2 (mRF ) e
j2β2Lω2

RF
(
ej2ωRF t+e−j2ωRF t

)]
ejωot

+ ToJo (mRF ) e
j 1
2β2Lω2

IF
(
m+ · ejωIF t +m−

· e−jωIF t
)
ejωot + jJ1 (mRF ) e

j 1
2β2L(ωRF+ωIF )2

× m+e
j(ωRF+ωIF )t +m−e−j(ωRF+ωIF )t

)
ejωot

+ jJ1 (mRF ) e
j 1
2β2L(ωRF−ωIF )2

× m− · ej(ωRF−ωIF )t+m+ · e−j(ωRF−ωIF )t
)
ejωot

− J2 (mRF ) e
j 1
2β2L(2ωRF+ωIF )2

× m+ · ej(2ωRF+ωIF )t +m− · e−j(2ωRF+ωIF )t
)

× ejωot − J2 (mRF ) e
j 1
2β2L(2ωRF−ωIF )2

× m− · ej(2ωRF−ωIF)t+m+ · e−j(2ωRF−ωIF)t
)
ejωot

(8)

As shown in the optical spectrum in Fig. 1(c), the electrical
fieldEPD(t) shows several bands at different optical frequencies
ωo ± nωRF ±mωIF . Note that the optical carrier (ωo) and the
signal modulated bands located at ωo ± ωIF are minimized by
means of the transmission To of the filter.

Consequently, the electrical current detected by the photodi-
ode, i(t), can be calculated as:

i (t) = � · P (t) = � · |EPD (t)|2 (9)

where P (t) is the RoP and � is the photodiode responsivity.
When the photocurrent i(t) is calculated in (9), different con-

tributing terms are obtained at the electrical frequenciesnωRF ±
mωIF . The bands of interest for the up-converted mmW signal
are recovered at ωmmW = 2ωRF ± ωIF corresponding to the
beating between different optical bands at the PD, i.e., (ωo ±
ωRF ± ωIF ) and (ωo ± ωRF ) although additional contributions
are obtained from the beating of (ωo ± 2ωRF ) and (ωo ± ωIF ),
and also from (ωo) and (ωo ± 2ωRF ± ωIF ) bands. Because of
the contribution of the optical carrier (ωo) and the modulated
data (ωo ± ωIF ) terms are determined by the transmission To,
when it tends to zero the higher-order PM terms are negligible
and the recovered mmW signal is mainly given by the beating



TABLE I
ANALYTICAL TERMS OF THE PHOTOCURRENT AMPLITUDE AT mmW BAND

between (ωo ± ωRF ± ωIF ) and (ωo ± ωRF ). Therefore, the
filtering requirements are less demanding compared to previous
schemes [6], [7] because the higher order terms do not contribute
to the mmW signal so full signal suppression is not required.
Finally, since the system response is similar at both upper and
lower bands, the lower one is used along the manuscript to show
the system performance without loss of generality.

After analytical derivations, simplified expressions can be
obtained for iRF (2ωRF − ωIF ) in the cases of interest, as shown
in Table I, where θ = 1

2 β2LωRF (2ωRF − ωIF ). Theoretical
results in (10) and (11) are obtained without OBRF, i.e., To = 1,
for OB2B and over a SSMF link with a length of L, respectively,
while (12) shows the response of the system including the ideal
band rejection filter (To = 0) and the fiber link.

As expected, (10) leads to null signal at mmW frequency
under OB2B scenario (L = 0 km) when no filter is considered.
However, the transmission in (12) is equivalent to that obtained
for IM-based up-conversion scheme reported in [16] although it
is worth noting that this approach based on PM has significant
advantages compared to the previous one, such as low insertion
losses and the lack of biasing voltage, i.e., bias-drift-free mod-
ulator. However, note that an additional factor (sin2θ) appears
in the first term of (11) which implies the suppression of the
up-conversion at different mmW frequencies, fmmW , due to
dispersion effects, as can be calculated from the following
expression:

fmmW = 2fRF − fIF =
n

2πβ2LfRF
n = 0,±1 (13)

Such factor comes from the beating between the optical carrier
(ωo) and the optical sidebands which are generated at the optical
frequencies ωo ± (2ωRF − ωIF ). Note this contribution disap-
pears when the notch filter is considered, i.e., To = 0, according
to (12).

B. Experimental Setup

The DML (Emcore 5021T-D) output signal spectrum is cen-
tered at λ0 = 1547.69 nm with an optical power of Po = 7.58
dBm and a 3 dB modulation bandwidth of 4.85 GHz. The chirp
characteristics of the DML, i.e., linewidth enhancement factor,

Fig. 2. Measured optical (left) and electrical (right) power spectra at different
points in the schematic shown in Fig. 1: (a), (b) P1; (c), (d) P2; (e), (f) P3; and
(g), (h) P4.

α, and adiabatic laser chirp,κ, have a value of 2 and 13 GHz/mW,
respectively. In this experiment, Rohde & Schwarz SMW200A
was used for generating the modulation signal, i.e., a single tone
at the electrical subcarrier fIF = 200 MHz, that is applied to
the DML with an electrical power PIF = 0 dBm.

The phase modulation was performed using the Photline
MPZ-LN-20-P-P-FC-FC PM with 2.2 dB insertion losses, a 3 dB
bandwidth around 20 GHz and a half wave voltage Vπ = 7.4 V .
It was driven by an electrical single tone, as LO signal, at
fRF = 20 GHz with a PRF = 23 dBm which was generated
by the instrument Agilent 8267C. Note that large PM efficiency
can be achieved for producing mmW modulated signals because
commercial PMs are available up to 40 GHz and the modulator is
driven at frequencies around fmmW /2. Fig. 2(a) and (b) present
the optical and electrical spectra of the phase modulated signal at
P1. Fig. 2(a) shows an extinction ratio (ER) between the optical
carrier and optical sidebands close to 4.8 dB. Moreover, Fig. 2(b)
displays the electrical photodetected signal after the PM where
non up-converted mmW signal is present, as predicted in (10).
This is because phase modulation needs to be converted into
intensity modulation for signal recovery. Note that the mmW



bands of interest are centered at fmmW = 2fRF ± fIF , i.e.,
39.8 and 40.2 GHz for the lower and upper bands, respectively.

A programmable optical processor (Finisar Waveshaper
4000 s) was used as an OBRF. In this experiment, a notch
filter with a 3 dB bandwidth of 0.22 nm was reconfigured by
means of the OBRF, as depicted in Fig. 2(c), with a transmission
To = 32 dB and 6.7 dB insertion losses. Fig. 2(c) and (d)
display the optical and electrical signal spectra, respectively,
measured after OBRF at P2 in Fig. 1. Fig. 2(c) shows the optical
power of the carrier decreases to −40.6 dBm while the optical
sidebands power levels are −11.5 dBm, so ER ∼29.1 dB. Such
optical filtering enables the intensity to phase conversion and
mmW signal can now be recovered at 39.8 and 40.2 GHz,
as depicted in Fig. 2(d). Note that photonic up-conversion is
held after filtering the optical carrier in the phase modulated
signal.

To compensate the optical losses, the optical signal is am-
plified by an EDFA (Amonics AEDFA-23-B-FA) with a fixed
gain of 16.6 dB and filtered by an OBPF (Alnair BVF-100) to
reduce the ASE noise. Here, the OBPF has a 3 dB bandwidth
of 1.25 nm and 4.9 dB insertion losses. Next, Fig. 2(e) and (f)
exhibit the optical and electrical spectra, respectively, measured
at P3 in Fig. 1. In the former one, it can be observed that optical
amplification and filtering lead to optical sidebands power level
of 4.5 dBm with an ER = 30.9 dB.

Finally, Fig. 2(g) shows the signal spectrum after transmission
over a 10 km long fiber link, i.e., at P4 in Fig. 1, with a dispersion
parameter β2 = −22 ps2/km. Fig. 2(h) depicts the correspond-
ing electrical spectrum after optoelectronic conversion which
was measured by a 50 GHz 3 dB bandwidth photodiode (Finisar
XPDV3120R) working in a linear regime. The mmW signal is
generated by the beating of both sidebands and the system per-
formance is evaluated at a vector signal analyzer (VSA, Rohde
& Schwarz FSW43). Additionally, the received optical power at
the PD input is controlled by a VOA (Thorlabs EVOA1550A).

In the following, the theoretical model described above is
validated by calculating and measuring the electrical system
response at the mmW band (fmmW = 2fRF − fIF ) of the
current amplitude after photodetection for an electrical power
PIF = 0 dBm and a constant RoP level of 3 dBm. Fig. 3
displays the frequency response of three experimental scenarios
corresponding to the cases described in (10), (11) and (12). The
system response was measured by varying the frequency of the
single tone from fIF = 200 MHz up to 20 GHz, with a fixed
electrical power, PIF , as modulating signal at the DML, while
the electrical power was measured at the signal frequency of
interest, fmmW = 2fRF − fIF .

Firstly, we observe that the frequency response of the OB2B
structure without a filter (i.e., To = 1) presented in Fig. 3
shows amplitude levels around −100 dBm, since pure phase
modulation is applied [18]. However, significant differences are
found in the frequency response when considering a 10 km
SSMF link without the use of a filter. In this case, the chromatic
dispersion of the fiber link acts as a phase filter that, together
with the DML chirp, leads to some PM-to-IM conversion with
an amplitude response showing a reduced 3 dB bandwidth, i.e.,
1.2 GHz. Indeed, the first sinusoidal term in (11) leads to signal

Fig. 3. Electrical frequency response at the mmW band (fmmW = 2fRF −
fIF ) for OB2B and 10 km SSMF link without a filter (To = 1), and for 10 km
fiber link using a 20 GHz bandwidth OBRF (To = 0).

cancellation around fIF = 4 GHz due to dispersion effects when
n = 1 in (13).

However, the frequency response of the complete system
including both the DML chirp and fiber dispersion with the
OBRF shows signal transmission along the entire frequency
band since the first null is not held in the measured frequency
range. Moreover, the 3 dB bandwidth now increases up to 4 GHz,
which is slightly lower than the DML bandwidth. Note that the
inclusion of the optical filtering stage leads to an effective gain
of 20.5 dB at low frequencies due to the avoidance of the limiting
factor sin2θ described in (11). Here, we observe the advantage
of combining optical filtering and fiber dispersion to optimize
the PM-to-IM up-conversion at the mmW band.

Fig. 3 includes the theoretical curves calculated from the
analytical expressions included in Table I. A good agreement
is found between theoretical and experimental results in spite
of the particular features of the employed components in the
experimental setup.

III. EXPERIMENTAL TRANSMISSION MEASUREMENTS

A. System Performance

In this section, the system performance is analyzed when a
signal at fmmW = 2fRF ± fIF is photonically generated using
a local oscillator operating at fRF = 20 GHz, where fIF is
changed to transmit data at different mmW frequency bands.
Additionally, the electrical power PRF of the local oscillator
was set to 23 dBm. For testing purposes, we employed a 25
MHz bandwidth QPSK signal using a root-raised-cosine filter
with a 0.22 roll-off factor at various fIF generated by DG, as
shown in Fig. 1, that also allows to control the electrical power,
PIF , injected into the DML.

Fig. 4 displays the measured error-vector-magnitude (EVM)
for different PIF values after demodulating the transmitted data
at several mmW bands. Concretely, each curve corresponds
to the measurements carried out at 21, 26, 31, 35 and 39.8
GHz-bands over 10 km SSMF link which correspond to the



Fig. 4. Measured EVM vs PIF at different generated mmW bands for 10 km
SSMF link.

Fig. 5. Measured EVM vs RoP at different generated mmW frequencies for
10 km SSMF link.

fIF values of 19, 14, 9, 5 and 0.2 GHz, respectively. Note that
the EVM threshold of 17.5% for QPSK [19] is also plotted
to ease the evaluation of the signal quality. As observed, the
degradation of the signal is determined by the RF noise level at
low operating PIF levels, since the EVM is inversely propor-
tional to the signal-to-noise ratio (SNR) in decibels (dBs) [20].
The EVM performance slowly degenerates with the decrease of
the operation mmW frequency, i.e., fIF increase, according to
the uniform frequency decrease shown by the system transfer
function displayed in Fig. 3. Indeed, the EVM values decrease
with the increase of the electrical powerPIF up to a certain value
where the system nonlinearities start to affect the quality of the
recovered signal. That occurs at high operating power levels
due to the number of intermodulation products and electrical
subcarriers falling within the signal frequency band [21], [22].

In the following, the electrical operating power PIF was
set to 5 dBm to avoid the effects of the system nonlinearities.
Fig. 5 shows the measured EVM performance for the previously
selected fIF values versus different RoP levels ranging from
−17 to 3 dBm. As expected, the quality of the collected data
again degenerates with the increase of fIF . The deterioration of
the recovered signal is only defined now by the detector noise at

low RoP levels. Furthermore, EVM values are achieved below
the 17.5% threshold from 21 up to 39.8 GHz for RoP levels
larger than 0.7 and −7 dBm, respectively.

For the sake of completeness, Fig. 6 displays the measured
EVM values for different received electrical power (ReP) levels
under different scenarios. Concretely, Fig. 6(a)–(c) correspond
to EVM measurements for fmmW = 39.8, 31.0 and 29.0 GHz,
i.e., when fIF is set to 0.2, 9 and 19 GHz, respectively. Besides,
EB2B is included for each fmmW .

On one hand, the squares-curve has been obtained similarly
to Fig. 4 by setting a fixed RoP = 3 dBm while PIF was varied
to obtain different ReP values depicted in X-axis. In Fig. 6(a),
we can observe that EVM improves when ReP increases with
PIF up to values close to −33 dBm when the EVM lead to a
U-shaped pattern because the link performance is affected by the
system nonlinearities. In fact, the reason for the multi-valued
curve characteristic is that lower ReP values are achieved for
furtherly increased PIF . This U-shaped behavior is also ob-
served in Fig. 6(b) and (c) obtained at fmmW of 31 and 21 GHz,
respectively, although not as pronounced as in Fig. 6(a), where
the maximum ReP value that can be achieved without distortion
is higher. Note that the amplitude response is reduced for higher
fIF , i.e., lower fmmW , as shown in Fig. 3.

On the other hand, the circles-curve was obtained when the
RoP level was modified by adjusting the insertion losses (IL) in
the VOA with a fixedPIF = 5 dBm, as performed in Fig. 5. Such
PIF value ensures small signal regime operation, so nonlinear
distortions are non-relevant in this case. Indeed, the curve over-
lapping with EB2B results demonstrates that the quality of the
recovered upconverted signal is unrelated to the transmission
system scheme. Therefore, we guarantee the transparency of
the up-conversion photonic link for ReP values where system
linearity is satisfied.

As an example, insets of Fig. 6(a)–(c) show the measured
constellations for 10 km SSMF link at the corresponding gen-
erated bands of 39.8, 31 and 21 GHz for an electrical power
PIF of 5 dBm and an RoP of 3 dBm which measured ReP is
−34.7, −43.82 and −51.84 dBm, respectively, according to the
amplitude response in Fig. 3. In this case, the EVM values were
3.7, 3.9 and 10.7%, respectively. Note that, at these frequencies,
the 17.5% EVM threshold is reached for ReP levels of −55.9,
−57.1 and −57.0 dBm, respectively.

All experimental transmission results were performed by
using QPSK signals without loss of generality because this
modulation format permits a large operation power range that
allows to observe distortion. However, different modulation
formats have been considered in Fig. 7 for the sake of validation.
As expected, note that similar results are obtained at 38 GHz for
QPSK, 16-QAM, 32-QAM and 64-QAM for an EVM value of
around 4% when RoP = 3 dBm and PIF = 5 dBm.

B. Comparison With PM and IM

For the sake of final assessment, in this section we provide the
comparison between two photonic mmW generation approaches
based on PM and IM. In this case, the IM was implemented
using a dual drive (DD-)MZM (Sumitomo T.DEH1.5) with 6 dB



Fig. 6. Experimental EVM vs ReP levels for EB2B ( ) and when L = 10 km is considered by modifying data power PIF (�) and RoP (•) and measured at
different fmmW values of (a) 39.8 GHz, (b) 31.0 GHz and (c) 21.0 GHz. Insets: measured QPSK constellations for 10 km SSMF link with a PIF of 5 dBm and
an RoP of 3 dBm.

Fig. 7. Measured constellation when RoP = 3 dBm and PIF = 5 dBm
for different modulation formats (a) QPSK, (b) 16-QAM, (c), 32-QAM, and
(d) 64-QAM at 38 GHz.

insertion losses, a 30 GHz 3dB-bandwidth andVπ = 5.5V.Note
the former requires optical filtering to achieve optical carrier
suppression, while an efficient biasing control is needed in the
latter. In order to properly compare both configurations, both
RoP and PIF were ser to 0 dBm over 10 km SSMF link.

The optical spectra measured at P4 for PM and IM up-
conversion are shown in Fig. 8(a). Two main differences can
be observed with regards to the ER and the harmonic distortion
(HD) obtained with each modulator. On one hand, the PM
approach leads to 6 dB higher ER than using IM up-conversion,
i.e., 20.3 dB. As is well known, the ER for IM is experimentally
limited by the interferometric structure and the stability of the
modulator. Indeed, ER higher than 20 dB requires the use of an
external RF hybrid to drive the DD-MZM in order to avoid any
unbalance on the amplitudes and phases between the modulating
signals of both arms.

On the other hand, a clear difference is observed with regards
to the third harmonic located at 3fRF . IM approach leads to

Fig. 8. (a) Experimental optical spectra at the PD input for optical up-
conversion using PM and IM. Measured QPSK constellations for optical up-
conversion using PM (b) in the lower band at 38 GHz and (c) the upper band 42
GHz whereas (d) and (e) correspond to lower and upper mmW band for optical
up-conversion using IM, when RoP is set to 0 dBm and ReP is close to −44
dBm.

minimizing all odd-order harmonics when biasing voltage is
controlled to suppress the optical carrier. However, although
odd-order HD terms are present under PM scheme, the quality
of the recovered data at lower (38 GHz) and upper (42 GHz)
mmW bands are similar to those obtained in IM as shown in the
constellation diagrams of Fig. 8. Therefore, we can conclude



Fig. 9. Transmission of QPSK signal with different bandwidths with RoP =
3 dBm. Electrical spectra for upper mmW signal at 42 GHz with (a) 25 and (b)
100 MHz bandwidths and corresponding constellation diagrams in (c) and (d).

that, for PM up-conversion, the filtering requirements are not
very stringent because the higher-order HD contribution is not
significant.

Finally, note that similar RoP under both approaches leads to a
3dB optical noise floor difference due to the higher amplification
level required in the PM setup. This is due to the reduced mod-
ulation efficiency and PM bandwidth used in the experimental
setup, although its insertion losses are lower than for IM. Despite
this experimental drawback, similar EVM values close to 4%
with an ReP around −44 dBm are obtained in both setups for
lower and upper mmW bands. Therefore, similar performance
in both PM and IM solutions is assessed when optical losses are
compensated by means of optical amplification to keep constant
RoP with high stability in the PM case since any DC bias is
required.

So far, in this section all experimental transmission results
have been performed by using a 25 MHz QPSK signal due to
the large operation power range below the corresponding EVM
threshold. However, Fig. 9(a) and (b) show the electrical spectra
for the upper mmW signal when the transmission bandwidth is
set to 25 and 100 MHz QPSK, respectively. Note the different
SNR shown in the electrical spectra, i.e., 30 and 22 dB for 25
and 100 MHz, respectively, lead to a different minimum EVM
achieved in both cases. Indeed, the corresponding constellations
diagrams are depicted in Fig. 9(c) and (d) where a minimum
EVM of 3 and 8% was obtained when RoP = 3 dBm for 25 and
100 MHz, respectively.

IV. CONCLUSION

The use of a DML is proposed over a PM-assisted mmW
signal generation system, where an optical filter is employed
to provide PM-to-IM conversion together with the dispersive
fiber link. Both comprehensive theoretical analysis and measure-
ments of the system frequency response are provided showing
very good agreement. A 25 MHz QPSK signal is employed
for the purpose of testing the system transmission at different
operating mmW frequencies, i.e., 21-39.8 GHz, under different
setting parameters, RoP and PIF , in a 10 km SSMF link, while

system validation over 16- to 64-QAM is also presented. Both
the system noise and the DML nonlinearities are shown to have
a significant impact on the system performance and accordingly,
the operation parameters range where our approach does not lead
to any degradation with respect to EB2B data signals is defined.

The combination of optical filtering with fiber dispersion im-
proves considerably the PM-to-IM up-conversion at the mmW
band, as shown in our experimental setup, where 20 dB mmW
gain is demonstrated.

Considering that PM optical losses are low compared to IM,
our approach does not require extra electrical amplification since
the SNR is not committed, and consequently, the EVM. A com-
parison with IM technique for mmW signal generation leads to
assess the robustness of PM against dc-bias drifting allowing the
avoidance of any external controller to stabilize the transmission.
Note the simplicity of the PM approach, which does not require
any RF hybrid component while employs an off-the-shelf optical
filter with not very demanding characteristics.

Finally, while most of the previous PM approaches are based
on fixed optical filtering that limits the mmW frequency opera-
tion, our proposal shows robustness and reconfigurability due to
the intrinsic properties of the optical filtering stage. Additionally,
it is commercially available and highly compatible with DWDM
access networks by using multiport optical filtering, also shows a
large scalability compared to nonlinear proposals. In this sense,
our approach is very promising for the future deployment of
energy efficient networks based on resource sharing and low
consumption.
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