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A B S T R A C T   

Microwave photonic filters with a multiple wavelength input are analyzed. A comprehensive model assessing the 
impact of the phase characteristic of the optical stage is presented from which optimized design rules have been 
derived. Examples with one, 2 and 3 lasers are provided along with experimental results supporting our findings.   

1. Introduction 

Spectral filtering at radio and microwave frequencies is an essential 
functionality to key application areas such as wireless communications, 
remote sensing, security screening and radio telescopes, to name just a 
few. Microwave photonic filters allow to leverage advances in optical 
devices spurred by booming fiber optics industry and hold potential for 
enhanced functionalities, such as ultra-wide band reconfigurability with 
low weight and footprint, with special interest for the higher spectral 
bands, i. e. mm-waves [1,2]. In that context, given the evolution towards 
wavelength division multiplexing access schemes with wavelength-to- 
the user strategies, wavelength control electronics for cost-effective 
Distributed Feedback Bragg (DFB) lasers with channel spacings as low 
as 6.25 GHz are becoming commonplace [3]. 

A broad category of MPFs are based on conventional Finite Impulse 
Response (FIR) approaches (MPF-FIR), which mainly exploit the spectral 
phase response of the optical stage. Replicas of the signal are weighted 
and delayed, usually by multiwavelength propagation through a 
dispersive element to produce the desired RF transfer function (TF) after 
photodetection. By appropriate selection of the filter taps any RF TF can 
in principle be achieved, often at the expense of a high number of taps, 
adding complexity. Another drawback is that the TF is periodical with 
Free Spectral Range (FSR) equal to the inverse of the tap delay [4]. 

Another wide category of MPFs relies on selective optical sideband 
filtering (MPF-SF) and coherent cancellation between the detected RF 
signals. They typically feature simple setups and non-periodical RF TF, 

which result from direct mapping of the optical TF and often yield poor 
selectivity, little control over the RF TF and reduced roll-off in the pass- 
stop band transition. Accurate design of the optical filter is key, and in 
this regard it would be essential to make the most of advances in optical 
filter designs reaching ultrahigh quality factors [5]. 

In the pursuit to overcome the limitations of MPF-SF, Multiwave-
length (MW) MPF-SF have been proposed which allow to further tailor 
the RF transfer function[6,7], while the use of Phase Shifted FBGs as 
optical stage has proven to improve the filter’s selectivity [7,8]. How-
ever both solutions significantly increase degrading effects stemming 
from chromatic dispersion (CD). 

In MPF-SFs, CD is mainly translated into poor stopband attenuation, 
specially at high frequencies, as shown in [6–12]. While efforts have 
been made to tune this effect for Radio over fiber (RoF) systems as in 
[13], or take advantage of it for FIR-like MPF designs as in [14], MPF-SFs 
analysis often neglect the effect of the phase response on the RF 
characteristics. 

We present here a model for MW-MPF that takes into account both 
the amplitude and phase TFs of the optical stage, furnishing a generic 
framework for the analysis of both FIR and SF approaches. The model is 
used to clarify the role of the optical phase response, i.e. the chromatic 
dispersion (CD), into the reduced stopband attenuation levels observed 
in [6–12] and to derive optimized conditions for improved and even 
ideally infinite stopband rejection, using the input lasers amplitude and 
wavelengths as tuning parameters. Compared with conventional CD 
compensation methods, exploiting the tuning capabilities of a set of 
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multiwavelength sources may constitute a good alternative in cases 
where a complete CD compensation could be difficult, degrade perfor-
mances by increasing loss, or add too much complexity (e.g., Integrated 
Photonics). In addition, while relying in the wavelength tunability of the 
input lasers, our MPF scheme proposal allows for simple reconfigur-
ability and it may dynamically adapt to changes in the optical response, 
and even allow for replacement of the optical stage hardware. 

This paves the way to the design of MPF with a fixed optical stage 
and a reconfigurable TF through amplitude and wavelength control of 
an array of input lasers. Since reconfigurability is handled by means of 
the input lasers parameters alone, with respect to a single wavelength 
MPF configuration as in [9], the multiwavelength approach adds the 
advantages of allowing a design of the optical stage which better focuses 
on RF TF optimization. 

The paper is structured as follows. In Section 2, we describe the 
general structure of MW-MPF and its basic theory of operation. In Sec-
tion 3 the RF TF is analyzed and compared with a focus on tunability and 
RF stopband attenuation for configurations with 1, 2 and 3 lasers, 
resulting in identification of optimum stopband attenuation conditions 
and design rules. Section 4 shows experimental results for 2 and 3 lasers, 
validating the analytical findings. Section 5 offers our conclusions. 

2. General setup description 

The MW-MPF setup under study is depicted in Fig. 1. In the most 
general case, a set of N lasers is coupled into a phase modulator (PM), 
whose output is optically filtered and then photodetected. 

Assuming a small signal approximation with modulation index m =
πVrf
Vπ

≪1 and RFin = Vrf ⋅sin(2πfrf t), where Vπ is the half wave voltage of the 
modulator. The optical electric field at the output of the modulator can 
be expressed as: 

Emod(t) ≈
∑N

n=1

̅̅̅̅̅
Pn

√
ej2πfnt ( J0(m) + J1(m)ej2πfrf t − J1(m)e− j2πfrf t) (1)  

where Pn and fn are respectively the optical power and the carrier fre-
quency of the n-th laser source, frf the frequency of the modulation 
signal and Jk(m) the kth-order Bessel function of the first kind. 

Assuming that the spectral distance between sidebands due to 
different lasers exceeds the photodiode bandwidth, the output RF signal 
is the result of the beatings between the respective sidebands and carrier 
of each of the input lasers. Therefore, phase noise arising from the lasers 
is not translated into the RF signal because of correlation between car-
rier and sidebands. Defining the optical stage TF as H(f) = A(f)ejΦ(f), so 
both amplitude and phase effects on the signal are taken into account, 
the output current can be expressed as: 

Id(t) = |EF(t)|2 =
∑N

n=1
Id n(t) (2)  

with 

Id n

(
t
)
|f=frf

= αn⋅An
(
Aun⋅cos

(
2πfrf t + Φun

)
− Alncos

(
2πfrf t − Φln

))

(3)  

where αn = 2R γPnJ0(m)J1(m) is a system constant, R is the responsivity 

of the photodetector, γ represents the system losses, the subindices l, u 
refer to the lower and upper sidebands whose optical phases are defined 
relative to their carriers as Φln = Φ(fn − frf ) − Φ(fn) and Φun = Φ(fn +

frf ) − Φ(fn). 
It can be seen that if Aln = Aun and the sidebands phase difference is 

maintained, the two terms in (3) cancel each other and no RF signal is 
recovered out from the n-th laser. If instead, the optical filter alters the 
amplitude or phase of one of the sidebands, the laser will have a 
contribution to the RF output. This is the base of MPF-SFs as in [6–12]. 

The setup in Fig. 1 along with (2) and (3) are able to describe both 
multiwavelength MPF-FIR approaches whereby the optical stage is 
considered merely dispersive with no effect on the amplitudes (An = Aln 
= Aun); and also multiwavelength MPF-SF, which usually do not take 
into account the effect of the optical phase TF but base its principle of 
operation on the optical amplitude response only. 

The model additionally opens the door to contemplate hybrid ap-
proaches in which the effect on both the optical amplitude and phase 
could contribute to tailoring and reconfiguring the RF TF. From a 
standard MW-MPF-SF perspective, here we derive conditions on CD for 
an optimized and reconfigurable TF using the input lasers amplitude and 
wavelength as tuning variables with a fixed optical stage. 

3. MPF model 

MPF-SF rely on optical filtering of the sidebands which usually im-
plies vicinity to an optical filter stopband. Therefore we can divide the 
analysis depending on whether both optical stopbands are in the vicinity 
of the same laser or if each optical stopband affects a different laser 
signal. Additionally, the possibility to use a laser far from optical stop-
bands to tune CD effects is studied. 

3.1. One laser setup 

For a one laser setup such as in [9], let fopt be the passband center 
frequency of the optical filter and Δf = f1 − fopt the laser frequency offset 
with respect to it. 

In reference to Fig. 2 where we have considered the case Δf < 0, for 
both frf < f1rf (in red) and frf > f2rf (in green) the sideband amplitudes 
Al1 ≈ Au1, and very small in the green case, due to the filter attenuation. 
From (3), the photodetected amplitude is very small in both cases 
yielding respectively the filter lower and upper stopband (SBl, SBu). 
Instead, for f1rf < frf < f2rf (in blue) the amplitude response is Al1¬ =

Au1, so the beating of the non attenuated upper sideband with the car-
rier results in the MPF passband. Provided the optical filter TF is sym-
metrical with respect to fopt , the case with Δf > 0 will yield the same RF 
characteristic. 

As a result, the lower and upper RF cutoff frequencies are respec-
tively given by f1rf =

BWopt
2 − Δf and f2rf =

BWopt
2 + Δf , which yields an RF 

bandwidth BWrf = 2Δf centered on f0rf =
BWopt

2 . In order to reconfigure 
the MPF cutoffs with this setup one should be able to control both the 

Fig. 1. MW-MPF setup.  

Fig. 2. Optical (a) and RF (b) spectra relevant to the one laser case. A color 
code identifies each representative RF frequency margin: SBl (red), passband 
(blue) and SBu (green). In (a), the optical carrier (black arrow) is common to all 
three spectra, with the thick black line representing the optical TF. (b): Relevant 
frequencies are defined as a function of the optical parameters. 
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input wavelength and the optical filter bandwidth. 
By omitting the effect of the optical phase response, the above 

analysis fails to explain the reduced stopband attenuation observed in 
MPF-SF experiments [6–12]. Using (2) and (3), the photodetected RF 
amplitude normalized to the passband level is given by: 

|Id1| =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

|sin
(Φu + Φl

2

)
| frf < f1rf (a)

1 f1rf < frf < f2rf (b)

Att⋅|sin
(Φu + Φl

2

)
| f2rf < frf (c)

(4)  

where Att stands for the attenuation factor of the optical filter. 
As seen, the stopband attenuations are determined by the optical 

phases acquired by each spectral component and will yield total 
extinction for a linear optical phase characteristic. 

Provided the operative optical frequencies lie in a reduced band-
width around a reference angular frequency ωref , the phase response of 
an optical system may be well described by a Taylor expansion: 

Φ(ω) ≈ χ0 + χ1(ω − ωref )+
χ2

2
(ω − ωref )

2
+

χ3

6
(ω − ωref )

3 (5)  

where χ0 = Φ(ωref ), χi = ∂iΦ/∂ωi|ω=ωref 
and the reference frequency is 

conveniently set to match the optical filter center frequency ωref =

2πfopt . Using this definition χ2 and χ3 are coefficients that characterize 
the effects of Group Delay Dispersion and the Third-order Dispersion 
respectively, which are related to usual optical fiber dispersion param-

eters as D = − 2πc
λ2

0

χ2
L and Dslope =

(
2πc
λ2

0

)2
χ3
L . For instance, at a reference 

wavelength of 1.55 μm a standard single mode fiber (S-SMF) with D =

16 ps⋅nm− 1⋅km− 1 and Dslope = 0.08 ps⋅nm− 1⋅km− 1 is equivalent to χ2
L =

2.04⋅10− 8 GHz− 2⋅m− 1 and χ3
L = 1.29⋅10− 13 GHz− 3⋅ m− 1. 

Depending of the technology used for the optical filtering stage, the 
phase response may adopt very complicated frequency dependences, 
especially in the transition bands, whose accurate modelling would 
require higher order terms in the frequency dependence of the propa-
gation constant. Apart from those limited frequency regions, a Taylor 
expansion like the one in (5) should be appropriate for a reasonable 
approximation to the phase response and to provide and understanding 
of the limited rejection values observed in the stopband of MPF-SFs. 

The impact of CD in the MPF TF can be modeled through (4) and (5). 
In order to highlight the influence of the optical phase response on the 
RF amplitude MPF transfer function we have simulated the case of an all- 
pass optical filtering stage and compared it with that of the a band-pass 

optical filter, both with the same phase response, equivalent to 50 m of 
SMF at λ = 1.55μm, which are shown in Fig. 3. For the optical all-pass 
case (blue), it can be seen how as the frequency is increased, a higher 
RF amplitude is detected as a consequence of the phase to intensity 
modulation (PM to IM) conversion. By comparing with the optical 
bandpass optical filter case (red) we may conclude that residual power 
levels detected in the stopbands as in [6–12] stem from this effect. 

Apart from the limitation in stopband attenuation imposed by the PM 
to IM conversion in the one laser setup, reconfiguration of the passband 
central frequency requires tuning of the optical filter bandwidth. In 
practice this has been achieved through temperature changes in Fiber 
Bragg Gratings (FBGs), whose phase response has been found to become 
highly nonlinear, especially near the passband limits. In addition, 
increased optical rejection ratio or narrower bandwidth usually imply 
higher phase non-linearities[15,16]. On the other hand, the optical 
phase response may vary in an uncontrolled manner, yielding different 
rejection ratios depending on the tuning conditions. Representative 
examples can be seen in [7,8], with rejection ratios as low as 10 dB. 
While the use of a photodetector with a lower cutoff frequency may help 
with this issue, it also restricts the operative frequency range of the MPF, 
thus limiting its reconfigurability. 

3.2. Two laser setup 

The limitations of the one laser setup can be overcome by the addi-
tion of a second laser which will act as the second tuning element for full 
cutoffs reconfigurability while keeping the optical filter fixed. As there is 
no need for optical filter tuning, a wide variety of filters can be used, 
taking advantage of a more linear phase response [16] or other desired 
features. 

Without loss of generality and referred to Fig. 4, let us consider laser 
1 has the lowest frequency f1 < fopt < f2, with Δfn = fn − fopt and 
|Δf2| < |Δf1|. If the filtering stage does not alter the relative optical 
phases, for frf < f1rf =

BWopt
2 − |Δf1| all sidebands fall inside the optical 

filter passband yielding the SBl (red spectrum). Similar to the one laser 
case, when the lower sideband of laser 1 is attenuated, the beating be-
tween its carrier and the upper sideband produces the MPF passband 
(blue spectrum). For frf > f2rf =

BWopt
2 − |Δf2|, both lasers produce a sig-

nificant RF contribution which in absence of nonlinear phase effects 
from the optical stage have a relative π phase difference and therefore 
cancel each other resulting in the SBu. 

According to that, the RF TF for any given Δf1 and Δf2 is charac-
terized by the following parameters: 

BWrf = max
(
− Δf1,Δf2

)
− min

(
− Δf1,Δf2

)
= ±

(
Δf1 + Δf2

)
(6)  

f0rf =
BWopt

2
−

max( − Δf1,Δf2) + min( − Δf1,Δf2)

2
=

BWopt

2
−
|Δf1| + |Δf2|

2
(7)  

Fig. 3. Single laser TF with phase response for 50 m of S-SMF and linear phase 
filtering stage for two different optical amplitude responses. An optical all-pass 
TF (blue), and a trapezoidal optical bandpass transfer function with 20 GHz 
bandwidth and 1 GHz transition band (orange). Laser offset Δf = 5 GHz. 

Fig. 4. Optical (a) and RF (b) spectra relevant to the two laser case. A color 
code identifies each representative RF frequency margin: SBl (red), passband 
(blue) and SBu (green). In (a), the optical carrier (black arrow) is common to all 
three spectra, |Δfn| are the laser offsets with respect to the optical filter center, 
with the thick black line representing the optical TF. (b): Relevant frequencies 
are defined as a function of the optical parameters. 
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where the ± signs correspond respectively to the equivalent cases |Δf1|
< |Δf2| and |Δf2| < |Δf1|, in case of a symmetric optical amplitude TF. 

Taking into account CD effects in (3) with a two laser input, the most 
relevant contributions for the MPF transfer function are: 

Id2 =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

sin

(
Φu1 + Φl1

2

)

⋅ejϕu1 − ϕl1
2 +

+sin

(
Φu2 + Φl2

2

)

⋅ejϕu2 − ϕl2
2

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

frf < f1rf (a)

1 f1rf < frf < f2rf (b)

sin

(
Φu1 + Φl2

2

)

⋅ejϕu1 − ϕl2
2 f2rf < frf (c)

(8)  

where Φu/l1/2, following the nomenclature stated before, is the phase for 
the upper/lower sideband of either laser 1 or 2. A remarkable difference 
of (8) from (4) is that the PM to IM effect causing poor attenuation levels 
comes now from a combination of the CD seen by each of the two input 
lasers, which suggests that CD can be tailored to render improved 
stopband attenuation. Indeed, by requiring that equation (8c) = 0 and 
substituting all optical phases with Eq. (5), we find that for any 
dispersion, both lasers may be set so their contributions to the stopband 
level cancel out. The condition is given below, where we introduce the 
Dispersion Ratio (DR = χ2/πχ3) parameter: 

− (Δf1 +Δf2) =
χ2

πχ3
= DR⇒BWrf = |DR|

(9) 

A useful perspective of (9) is that if optical phase non linearities are 
present, a symmetry arises whose offset to the optical filter center is 
characterized by DR. All configurations with lasers frequencies equi-
distant to this center of symmetry comply with (9) and produce TF with 
equal BWrf = |DR| and optimum stopband attenuation. This is an 
attractive feature for a wide range of applications requiring tunable 
filtering of channels with the same bandwidth. 

As shown in [16], optical filters may be constructed in order to match 
a specific phase response for the same amplitude response. This can be 
used in order to design an optical filter that best matches the phase 
response requirements in (9). 

Fig. 5 shows RF TF simulations from VPI Photonics for an 

experimentally measured reference optical stage and an optimized op-
tical phase TF with DR = 10 GHz (solid lines). The reference optical 
stage consists on 10 meters of S-SMF and a WaveShaper 1000s Optical 
Processor configured as a 200 GHz passband filter with flat phase 
response. The WaveShaper has a minimum frequency resolution of 10 
GHz which limits the selectivity of the MPF. 

It can be seen that optimum BWrf configurations improve attenua-
tion up to 30 dB, while configurations differing in a factor of two to the 
optimum value still benefit from improved stopband attenuation of up to 
18 dB, with respect to the non-optimized case. This allows for a wide 
range of different bandwidths to be used with a fixed optical stage. 

In the next section we analyze how the use of a third laser may help 
improve the attenuation levels for bandwidth choices far from the op-
timum and also for non-optimized CD configurations. 

3.3. Three laser setup 

Focusing on configurations where reconfigurability is controlled 
through the lasers parameters alone, we consider addition of a third 
laser that could be adjusted to produce a signal that opposes the unde-
sired signal leaked into the stopbands. 

In order to keep the validity of (2), the third laser frequency should 
be far enough from those of lasers 1 and 2, and therefore it is reasonable 
to assume that it will lie close to the optical filter center f3 ≈ fopt . Using 
(3) the output signal normalized to the passband amplitude is: 

Id3 = Id2 + L3sin(
Φu3 + Φl3

2
)⋅ejϕu3 − ϕl3

2 (10) 

Being L3 =
̅̅̅̅̅̅
P3

P1,2

√
the third laser amplitude level relative to laser 1 and 

2. The contribution of the 3rd laser to the passband amplitude will be 
negligible having only a significant effect in reducing the level at the 
stopbands. The analysis will focus on optimization of the attenuation at 
the SBu where CD effects are more deleterious, since the contributions to 
the RF signal that should cancel each other come from carrier-sideband 
beatings belonging to lasers at a large spectral distance. 

In order to asses the attenuation improvement depending on the 
dispersion characteristics and configuration of the system, Fig. 6 shows 
the upper stopband attenuation (SBu) for an MPF configured either for a 
RF bandwidth of 5 GHz (orange) or 35 GHz (blue) as a function of the 
system’s DR. Vertical dashed lines highlight three distinctive DR values 
(50 meters of S-SMF in red, optimized for 35 GHz bandwidth in blue and 
optimized for 5 GHz bandwidth in orange). As predicted by condition 
(9), a MPF with DR = 35 GHz (vertical blue dashed line) provides 
maximum attenuation for BWrf = 35 GHz whereas reconfiguring the 
same MPF for BWrf = 5 GHz yields a poorer attenuation of around 50 

Fig. 5. MPF RF TFs for different BWrf and f0rf = 25 GHz from VPI Photonics 
simulations, for two different optical phase responses. Solid lines correspond to 
DR = 10 GHz while dashed lines result from an experimentally measured op-
tical processor WaveShaper 1000s configured for a linear phase response and 
10 meters of SMF. Δf1 +Δf2 < 0 in all cases. 

Fig. 6. RF signal amplitude at the SBu (fSBu = 40 GHz) for a two laser setup as a 
function of |DR| for 5 GHz and 35 GHz RF Bandwidths. DR > 0 and Δf1 +

Δf2 < 0. Vertical dashed lines show relevant DR values: optimized for 5 GHz 
(orange), optimized for 35 GHz (blue) and equivalent to 50 meters of S- 
SMF (red). 
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dB. Nevertheless, both configurations provide over 30 dB of improve-
ment compared to MPFs with typical dispersion characteristics, which 
yield lower rejections of just 20 dB. 

The trends observed in Fig. 6 allow to make a distinction between 
two regimes. Optimized DR values (DR < 102 GHz), where the attenu-
ation level strongly depends on BWrf and CD, on the one side, and large 
DR (DR > 103 GHz), where the BWrf dependence is negligible, on the 
other. It can be seen that the attenuation in the optimized DR regime for 
non ideal BWrf is better or similar to that obtained with large DR. 

Using (8) and (10), the photodetected current at SBu with 3 lasers 
may be written as: 

Id3(frf > f2rf ) = γ12ejΦ12 (1+L3ΔγejΔΦ) (11) 

With Δγ = γ3/γ12,ΔΦ = Φ3 − Φ12 and: 

γ12=sin
(Φu1+Φl2

2

)
Φ12=

Φu1 − Φl2

2
γ3=sin

(Φu3+Φl3

2

)
Φ3=

Φu3 − Φl3

2
(12) 

Two degrees of freedom are provided by power and wavelength 
tuning of the third laser. For perfect signal cancellation at the SBu, the 
following conditions must be fulfilled: 

L3 = |
γ12

γ3
| =

1
|Δγ|

(13)  

ΔΦ = 2mπ +
π
2
(1+ sign(Δγ)) (14) 

Showing explicitly the dependence over the accumulated dispersion 
and MPF parameters, the relative amplitudes and phases may be 
expressed as: 

Δγ ≈ −
fSBu

|Δf1| + |Δf2| − fSBu

DR + 2Δf3

DR + Δf1 + Δf2
(15)   

A first observation that stems from (15) and (16) is that the total 
cancellation condition will depend on the specific RF target frequency 
within the SBu (fSBu ). 

Starting the analysis for the large DR regime (DR > 103 GHz), the 
relative amplitudes and phases may be approximated as: 

Δγ ≈ −
fSBu

|Δf1| + |Δf2| − fSBu

(17)  

ΔΦ ≈ χ2(2π)2fSBu (2Δf3 − Δf1 − Δf2) (18) 

Since Δγ is always negative for this DR range, the optimum 3rd laser 
parameters choices are: 

L3 = |
|Δf1| + |Δf2| − fSBu

fSBu

| = |
BWopt − 2f0rf − fSBu

fSBu

| (19)  

Δf3 =
Δf1 + Δf2

2
= ±

BWrf

2
(20)  

where again the positive and negative signs correspond respectively to 
the equivalent MPF laser configurations with |Δf1| < |Δf2| and 
|Δf2| < |Δf1|. This result is in line with previous findings, as a third laser 
with a frequency equidistant to the other two acquires a phase due to CD 
opposite to that of the combination of lasers 1 and 2, following the 

symmetry found in (9). 
Fig. 7 shows the simulated RF TF for a reference optical phase 

response due to an optical processor WaveShaper 1000s configured as a 
300 GHz bandwidth optical filter with flat phase response and 10 meters 
of S-SMF with a third laser optimized for different target frequencies at 
the SBu (fSBu ). Δf3 and L3 are selected according to (19) and (20). It can 
be seen that the third laser aids to cancel the output signal at the SBu, 
increasing around 20 to 25 dB the attenuation at the target and sur-
rounding frequencies. The ability to select the frequency for maximum 
SBu attenuation through the value of L3 proves useful to cancel powerful 
interfering signals. 

The case of optimized DR (DR < 102 GHz) entails a higher 
complexity of the relations between the MPF tuning conditions and the 
third laser parameters and deserves a careful examination. 

Looking at the relative phase of the third laser contribution (16) 
there is a dominant parabolic dependence with Δf3 and an absolute 
maximum at Δf3 = DR

2 . In any case, ΔΦ is seen to remain close to zero so 
that the relevant condition for the SBu level improvement is Δγ < 0. 

As seen in (9), for optimized DR the RF amplitude due to CD is 
governed by a symmetry, characterized by DR and the center frequency 
between the two lasers. If Δf3 = − DR

2 the amplitude produced by the 
third laser is null, with increasing amplitude the farthest its frequency is, 
and opposite sign at each side of the center of symmetry. Therefore, in 
order to improve the SBu attenuation Δf3 < − DR

2 for Δf1 +Δf2 < − DR and 
Δf3 > − DR

2 for Δf1 + Δf2 > − DR. 
Once the 3rd laser frequency has been properly set, the improvement 

in the SBu attenuation is maximized when its amplitude is chosen to 
match (13). If the 3rd laser frequency is too close to the Δf3 = − DR

2 point, 
this may lead to prohibitive power levels. A trade-off exists for the 3rd 
laser parameters between reasonable power levels and inter-laser beat-
ings exceeding the operative RF frequency range. 

4. Experimental results 

In this section we present experimental results that support the 
findings of the previous sections. The setup consists on a tunable 
External Cavity Laser (ECL), an electro-optical LiNbO3 phase modulator 
with Vπ=5.5 V, a Finisar Waveshaper 1000s as the optical filtering stage, 

Fig. 7. VPI simulated RF TF for different target fSBu with a 300 GHz optical 
filter (measured experimentally) and 10 meters of S-SMF. Violet line: two laser 
setup; Blue, orange and yellow: three laser setup with fSBu of 42, 68.8 and 189 
GHz and relative levels L3 = 7, 4.67 and 2.33 respectively. Δf1 = − 140 GHz, 
Δf2 = 112.5 GHz and Δf3 =

Δf1+Δf2
2 = − 13.75 GHz in all cases. 

ΔΦ = χ2(2π)2frf

[
(
2Δf3 − Δf1 − Δf2

)
−

1
DR
(
Δf 2

1 ++Δf 2
2 − 2Δf 2

3

)
+ frf

1
DR
(
BWopt − 2f0rf

)
]

(16)   
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and finally a photodetector with 30 GHz bandwidth combined with a 
bias tee with 26.5 GHz bandwidth. The RF response is measured with a 
42 GHz Vector Network Analyzer. 

The waveshaper optical TF is configured through software with a 
resolution of 1 GHz and an accuracy of 2.5 GHz. The laser used is a New 
Focus 6427 External Cavity Laser, and has a wavelength tuning resolution 
of 1 pm (0.125 GHz) with an absolute wavelength accuracy of 30 pm (3.75 
GHz), meaning there is a fixed error between the reported and the actual 
laser’s wavelength. Different waveshaper’s optical TFs were measured 
with an Optical Spectrum Analyzer testing the waveshaper’s accuracy and 
the relative wavelenght offset between the laser and waveshaper. The RF 
TF of a single laser MPF setup also gives a very accurate measure of the 
distance between laser and waveshaper, as the lower frequency of the RF 
passband coincides with the end of the waveshaper’s optical passband. 
Given the superior wavelength resolution of the laser, all recorded 
wavelengths were as reported from the laser and the fixed offset was only 
considered when setting the waveshaper. Conversion from wavelength to 
frequency was calculated to homogenize the manuscript units. 

In order to experimentally prove the stopband attenuation 
enhancement through exploitation of the optical phase response, we 
have measured the RF level with an optical stage with flat amplitude and 
DR = 80 GHz. The idea is to experimentally assess the validity of con-
dition (9) to ensure perfect destructive interference in between the 
beatings coming from two lasers, and thus improve the reduced rejection 
levels in one laser SF-MPF designs with an optimized optical phase 
response. In Fig. 8 we show in blue and green the levels obtained when 
each of the lasers are detected independently, a result that reproduces 
the stopband characteristics observed in one laser SF-MPF imple-
mentations, with a PM to IM effect due to the optical phase characteristic 
clearly apparent as in [6–12]. When the two lasers acquire a relative 
180◦ phase values by locating them at the wavelengths given by (9), we 
observe more than 25 dB better rejection levels. Also the response of a 
single laser located at the optical phase symmetry point (Δf=-DR/2) is 
plotted in red, confirming rejection values in line with those obtained 
with the perfect two-laser cancellation condition (9). 

For a second experiment, the Waveshaper was configured with flat 
amplitude and the dispersion characteristic of 1 km of S-SMF in order to 
test the analytical findings relative to the large DR regime. Specifically, we 
aim at confirming the effect of the amplitude of a third laser close to the 
optical phase center in improving the stopband rejection. Fig. 9 shows 
results with two lasers at each side of the optical phase center and at the 
same distance from it, and a third laser at the optical phase center. By 
varying the third laser amplitude relative to the amplitudes of the other 
two lasers, assumed equal, from 7 to 12, we find the stopband rejection 
may be increased up to 8 dB, in line with the simulation results shown in 
Fig. 7. 

5. Conclusions 

A general model for the RF response of MPF with a multi-wavelength 
input has been presented taking into account both the amplitude and 
phase responses of the optical stage. This model has revealed the effect 
of the optical phase response on poor stopband attenuation levels 
observed in MPF based on bandpass optical filtering, especially at high 
frequencies. An optimized optical phase design with a two laser input 
has been shown to provide exact signal cancellation at both stopbands 
for a specific selection of RF bandwidth. RF bandwidth values far from 
the optimum still benefit from improved stopband attenuation with 
respect to the non-optimized case. Addition of a third laser may further 
reduce those values in order to meet more stringent stopband attenua-
tion requirements and it is also effective to increase the stopband 
attenuation with non-optimized optical phase responses. Our results 
pave the way to fully reconfigurable MPFs controlled through laser 
wavelength tuning that exploit both the amplitude and phase responses 
of the optical stage, which remains fixed and therefore more easily 
optimizable. It also allows for remote MPF tuning through the use of 
long distance fiber optics links. 
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