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Abstract: This paper presents a study of the performances of different Mach–Zehnder modulation
technologies with applications in microwave polarimeters based on a near-infrared (NIR) frequency
up-conversion stage, allowing for optical correlation and signal detection at a wavelength of 1550 nm.
Commercial Mach–Zehnder modulators (MZMs) are traditionally implemented using LiNbO3 tech-
nology, which does not enable integration for the fabrication of MZMs. In this work, we propose
the use of an alternative technology based on InP, which allows for integration in the fabrication
process. In this way, it is possible to obtain advantages in terms of bandwidth, cost, and size reduc-
tions, which yield results that are very interesting for wide-band applications such as microwave
instrumentation for the study of the cosmic microwave background (CMB). Here, we describe and
compare the modulation performances of different MZMs, with one commercial unit presenting a
higher bandwidth than those in previous works, and another three InP integrated units provided
by the Fraunhofer Institute for Telecommunications, Heinrich-Hertz-Institute (HHI). Then, these
modulators were coupled to a microwave polarimeter demonstrator, which has also been presented
previously, to compare the polarization measurement performances of each of the MZMs.

Keywords: instrumentation; Mach–Zehnder modulators; polarization; cosmic microwave background;
astronomy

1. Introduction

In 1964, a noise-like signal [1] was identified as the cosmic microwave background
(CMB) by Penzias and Wilson. As postulated by Gamow, Alpher, and Herman in the
late 1940s [2], this radiation turned out to be the footprint remaining from the Big Bang.
Since then, many ground-based experiments (e.g., [3–8]), balloon-borne investigations
(e.g., [9,10]), and space missions [11–13] have been dedicated to the characterization of
the CMB’s temperature and polarization anisotropies. It is important to note the great
advantage of balloons and space missions in terms of sensitivity, mainly due to the absence
of atmosphere, which reduces the available frequency range of observation and adds noise,
thus affecting the detectors in ground-based experiments. However, the lowest part of
the CMB frequency spectrum (practically ranging from 0 GHz to approximately 20 GHz)
is particularly interesting for ground-based experiments, which are generally much less
expensive. On the one hand, at these frequencies, signals from the sky are dominated
by more powerful foregrounds (for instance, synchrotron), requiring far less sensitivity
and a lower number of detectors. On the other hand, the lowest frequencies require the
implementation of large and heavy waveguide components (antennas, polarizers, etc.),
which results in a limiting factor for space instrumentation. Additionally, the supercon-
ducting detection technology (Transition Edge Sensors, or TES) that is expected to be used
in future CMB space missions (LiteBIRD [14] and PICO [15]) has not yet been proved for
this low frequency range. For all these reasons, this work is focused on instrumentation to
be applied mainly in ground-based experiments.
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In general, CMB observations are a great resource that allow one to test cosmological
models and fundamental physical processes due to the extremely weak but distinct features
imprinted on the uniform backgrounds of photons from the early universe.

Today, many radio astronomy instruments have the goal of characterizing both the
electric-like (E) and magnetic-like (B) modes of polarization patterns. The standard cos-
mological model has been validated through E-mode polarization measurements [16], but
primordial B-modes of polarization have not yet been detected (see [5,17]). Although they
are faint and easily contaminated, they may also reveal crucial information about factors
such as inflation, the primordial background of gravitational waves, or galactic and extra-
galactic magnetic fields. Due to the great interest in these scientific areas, present and future
CMB polarization experiments, both on the ground (CMB-S4, [18]) and in space [14,15], are
pursuing an unprecedented level of sensitivity. This sensitivity can be achieved mainly
through observations with thousands of superconducting detectors. However, as has been
stated previously, in order to characterize the foregrounds affecting the lowest part of the
CMB frequency spectrum, radiometric receivers based on cryogenic low-noise amplifiers
are also commonly used. For these lowest frequencies of the CMB spectrum, in a previous
work [19], a 10–20 GHz polarimeter demonstrator was presented, allowing for optical cor-
relation and signal detection at a wavelength of 1550 nm. Each receiver of the polarimeter
presented four NIR output signals, allowing for the measurement of the polarization degree
and the polarization angle [19,20] independently of one another. In Figure 1, one can see a
simplified block diagram of the polarimeter.
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Figure 1. Simplified block diagram of the polarimeter demonstrator with correlation/detection in the
near-infrared spectrum (1550 nm). The blue part corresponds to that implemented in microwave tech-
nology, while the green one is implemented by means of photonic/optical technology. Reproduced
with permission from F. J. Casas, Sensors, published by MDPI, 2019 [19].

The polarimeter scheme in Figure 1 is composed of a front-end module (FEM) consist-
ing of several microwave receivers and an electro-optical back-end module (EOBEM) with
a frequency up-conversion stage (FUS) at the input, connected to an optical correlation
and detection stage (OCDS). The detection stage is composed of the EOBEM with the
input microwave signals entering the NIR FUS, which is composed of a laser and a set of
Mach–Zehnder modulators (MZM), as well as an OCDS implemented in a basic manner
with a fiber array, a pair of lenses, and a camera. This scheme was proposed as a solution
for the implementation of ultrasensitive large-format interferometers with hundreds of
receivers to characterize the polarization B-modes from the lowest frequencies of the CMB
spectrum (around 40 GHz in this case, therefore requiring a high number of receivers due
to the lower foregrounds and higher CMB signal level). The operation of the proposed
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polarimeter, as an interferometer, is like that of the Q–U bolometric interferometer for
cosmology (QUBIC) [21] that operates using TES at higher frequencies (150 and 220 GHz),
where the CMB signal is not affected by low-frequency foregrounds, such as synchrotron.
On the other hand, as stated in [19], this scheme can also be applied in direct imaging ex-
periments (for instance, QUIJOTE [20,22] or LSPE–Strip [23]) using the appropriate optical
configuration in the OCDS (distances d1, d2 and d3).

The proposed Instrument was designed to measure the polarization of the microwave
radiation from the sky, providing the Stokes polarization parameters [24] of the given signal.
To achieve polarization information with good control of the systematics, a polarization
modulation component is included in each of the receivers. In this work, they are the
phase-switching modules that can be seen in the microwave front-end in Figure 1. In a
previous work [25], these modulation modules were implemented in the photonic part of
the receivers, using optical voltage-controlled phase sifters.

In this work, a study of the performances of different Mach–Zehnder modulation
technologies is carried out, considering their application to the previously presented [19]
microwave polarimeter (see Figure 1). The performances of the modulators used in that
work have already been described in [26]. Here, we focus first on a commercial alternative
in LiNbO3 technology, which offers a higher bandwidth and the possibility of operating
with single sideband and suppressed carrier (SSB-SC) modulation. This type of modulation
is particularly interesting for the use of the proposed polarimeter as a synthesized-imaging
interferometer, since this mode of operation requires the removal of the optical carrier and
one of the sidebands from the modulated signal [19]. Another alternative, implemented
using InP integrated technology, is then proposed, taking into account the advantages of
this technology in terms of bandwidth and potential cost reduction. Two devices provided
by the Fraunhofer Institute for Telecommunications, Heinrich Hertz Institute (HHI) have
been tested. The first takes advantage of the technology’s integration capabilities and
contains two modulators in the same package. The second is a similar unit, but with only
one MZM in a chassis similar in size to the integrated version. This last unit was used to
ensure that the performance of an integrated InP modulator remained the same as that of a
typical commercial unit, but with greater bandwidth and lower cost.

This work is organized as follows: in Section 2, the commercial LiNbO3 technology
MZM laboratory measurement results are described; in Section 3, the laboratory perfor-
mance characterization of the InP technology-integrated MZMs is presented; in Section 4,
the different MZM alternatives are applied to the implementation of a microwave polarime-
ter, as presented in [19], showing the performances provided by each alternative in terms
of polarization angle measurement and polarization efficiency; finally, in Section 5, general
conclusions are drawn.

2. LiNbO3 Commercial MZMs

For the implementation of the polarimeter presented in [19], a set of commercial
LiNbO3 technology MZMs were used. These MZMs have a bandwidth of 10 GHz and,
as mentioned above, their main characteristics have been presented in [26]. The reduced
bandwidth of these MZMs was the main reason for having a polarization efficiency of
about 50% [19], instead of a more typical value of about a 90%, which can be found in
actual experiments such as QUIJOTE [27]. The obvious way to solve this problem is to use
an alternative (and more expensive) MZM that at least provides a higher bandwidth to
avoid significant losses in polarization efficiency. In the following, we propose the use of an
alternative commercial MZM that solves the bandwidth problem, while offering additional
advantages for its application to a polarimeter, such as the one proposed in [19].

SSB-SC 15 GHz Bandwidth MZM

A good alternative to the MZMs used in [19] is a commercial model from Thorlabs
(LN86P–FC [28], now replaced by LNQ4314 [29]), which offers the capability of providing
a single sideband with suppressed carrier modulation, while providing about 15 GHz
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of electro-optical (−3 dB) bandwidth (the data sheet can be downloaded from [28]). As
mentioned above, this option is particularly interesting for polarization measurements
using a synthetized-image interferometer because of the need to remove both one side
band and the laser carrier from the frequency up-converted signal.

To verify that these MZMs can operate with this type of modulation, a measurement
setup was mounted in the laboratory (see Figure 2a). A bias point controller similar to
the one presented in [26] (but adapted to the characteristics of the LN86P–FC MZM) was
implemented to ensure the stable operation of the modulator (Figure 2b). The frequency
up-converted signal was generated by modulating a 1550 nm laser with a 30 GHz signal
generated by a Gunn diode coupled to the MZM via a 90 degree waveguide hybrid
(Figure 2c). The modulated signal was then measured using an optical spectrum analyzer
(BOSA), which is the same one used in [26]. Figure 2d shows the modulated MZM output
signal measured with the optical spectrum analyzer. These MZMs have three control
voltages that determine the bias point of operation: VRF1, VRF2, and VPH. The bias point of
(d) is determined using the method of setting the MZM for SSB-SC modulation, as defined
by the commercial vendor.
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Figure 2. (a) Sketch of the measurement set-up mounted in the laboratory; (b) picture with the laser
(left), the bias point controller (right) and the MZM (center); (c) picture with the MZM (left) and the
Gunn diode coupled to a waveguide 90-degree hybrid (right); (d) modulated signal measured with
the optical spectrum analyzer for the MZM bias point: VRF1 = 5.1 V, VRF2 = 6 V, VPH = 5.2 V.

Then, with small modifications of these voltages, one of the sidebands and the carrier
fall below the signal noise level (see Figure 3a). Finally, in Figure 3b, it can be seen that the
SSB–SC modulation is stable and maintained over time, thanks to the bias point controller.
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Figure 3. (a) Modulated signal measured with the optical spectrum analyzer for the MZM bias
point: VRF1 = 4.9 V, VRF2 = 5.8 V, VPH = 5.5 V; (b) time evolution of the modulated signal frequency
components when the MZM is biased in the bias point of (a). The time evolution of the power levels
at the frequencies of the carrier (green triangles), lower side band (red squares) and upper side band
(purple crosses) are shown. For reference, the mean value of the noise floor maximum power level is
also shown (blue diamonds).

From Figures 2d and 3b, a carrier extinction ratio (ER) of more than 25 dB can be
deduced. As can be seen in Section 4, this ER value allows the measurement of the
microwave polarization with very good performance in terms of angle and degree (or
efficiency) error.

As mentioned above, this kind of operation is highly recommended for the final
polarimetry application, which works like an interferometer. However, the main problem
we found for its practical application is the high cost of this kind of commercial MZM (see,
e.g., [29]), considering that at least two MZMs per receiver would be needed in the most
optimized polarimeter design [25].

To overcome this problem, in this work, we propose the use of MZMs fabricated
using InP integrated technology, which can help reduce the price of the modulators, thus
contributing to the viability of the proposed instrumentation.

3. InP-Integrated Technology MZMs

In this section, the use of integrated InP technology MZMs is proposed and justified,
first in terms of the bandwidth that can be provided. Taking advantage of the integration
capabilities of the technology, a new dual modulator design was mounted in a common
package. These two integrated modulators were provided by HHI and tested in the
laboratory. Figure 4 shows a photograph of the package containing the InP MZMs (a) and
a schematic showing a simplified layout of the two MZMs inside the package (b). In terms
of size, the advantage of this technology is clear if we compare the 42 × 23 mm2 size of
this 2-unit package in Figure 4a with the 87 × 13 mm2 size of the commercial unit shown
in Figure 2c (these values exclude the optical and RF connectors). This represents a size
reduction factor greater than 2 in terms of area. In addition, it is important to note that
although the package of Figure 4a was fabricated for a pair of MZMs, the internal InP chip
contains twelve MZMs, but only two of them are connectorized.

This was the first time HHI provided an integrated design with two operational MZMs
on the same chip, so a new modulator design was developed just to meet our application
integration requirements.
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Figure 4. Chassis with two InP integrated MZM provided by HHI (a); device diagram showing a
simplified layout of the two MZMs inside the chassis. The optical inputs and outputs, the RF inputs,
and the DC connector situation are detailed following their physical disposition (b).

Figure 5a shows an schematic of the laboratory measurement setup used to test their
true bandwidth. It can be seen that in this case, the MZM bias points were controlled by
means of a TEC controller (model TTC001, 4W T–Cube TEC controller from Thorlabs),
which has a similar effect as the bias point controllers mentioned in the previous section,
but controls the internal temperature variations of the MZM instead of directly controlling
the bias point of the modulators. A microwave signal generator was used to generate a
continuous wave (CW) signal with a frequency swept from 2 to 50 GHz. This signal was
used to modulate a 0 dBm-power 1550 nm wavelength laser in such a way that a modulated
signal can be measured at the output of the MZMs using an optical spectrum analyzer
(BOSA). These modulators do not provide the possibility of obtaining SSB–SC modulation,
so instead, a dual-side band with suppressed carrier (DSB–SC) modulation is measured
and used in the next section for the measurement of microwave polarization. In this sense,
Figure 5b shows the power levels of the main modulated signal components, side bands
(LB) 1 and 2, and the carrier, when sweeping the frequency of an RF input signal with
5 dBm power (2–50 GHz).
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Figure 5. Laboratory characterization set-up scheme (a); the power of the modulated signal compo-
nents, measured using the optical spectrum analyzer (BOSA) (b).

First, it can be observed that the bandwidth of the modulators reaches 50 GHz, al-
though the nominal bandwidth of the InP technology provided by HHI is 40 GHz.

On the other hand, the bias points of both MZMs have been chosen to obtain an optimal
carrier suppression degree within the total bandwidth. However, it can be observed that
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the carrier is only about 6 dB below the side bands, and not for all the frequencies. However,
since these MZMs must be used with DSB–SC modulation, for our polarimetry application,
we can take advantage of both sidebands using the polarimeter in direct imaging mode
instead of interferometry mode, see [19]. In such a case, the power of both bands can be
considered, thus providing a higher practical ER value (about 10 dB) considering the two
sidebands and the carrier of the modulated signal. In fact, as we will see in the next section,
these two modulators give good results (very similar to those of the commercial unit) when
applied to the polarization measurement of a microwave signal.

4. Application to a Microwave Polarimeter Demonstrator

In this section, the proposed modulation technologies are applied to the microwave
polarimeter presented in [19]. A sketch of the laboratory polarization measurement set-up
is shown in Figure 6. The wideband source used in the setup is a variable polarization
angle microwave signal source that takes advantage of a rotating antenna connected to a
wideband amplifier and a noise source. It provides a 10–20 GHz bandwidth input signal
that is 100% linearly polarized and has a variable (0–180 degrees) manually controlled
polarization angle (see [19] for more details).
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photonic/optical technology. Reproduced with permission from F. J. Casas, Sensors; published by
MDPI, 2019 [19].

The type of measurements performed and the setup components have already been
described in [19], and are the same as those used in [30] for polarization calibration. The
only difference with the setup used in [19] is in the MZMs used to implement the frequency
up-conversion stage (FUS), which for this work are the modulators previously shown plus
an additional one from HHI, which shares the technology (InP) with those of Section 3. The
use of a common setup facilitates the comparison of the polarization measurement results,
since the observed differences will mainly be related to the use of one or the other type
of modulator.

4.1. Polarization Measurement Results with LiNbO3 Commercial MZMs

Figure 7a is a photograph showing the rack with the polarimeter receivers and a
commercial modulator, which is the one presented in Section 2. Figure 7b–d show the
measured polarization degree, the polarization angle, and its error (the difference between
the measured angle and that of the signal source).



Sensors 2023, 23, 6300 8 of 13Sensors 2023, 23, x FOR PEER REVIEW 8 of 13 
 

 

  
(a) (b) 

  
(c) (d) 

Figure 7. Photograph showing the rack with the polarimeter receivers and one commercial modu-
lator, which is the same that was presented in Section 2 (a); the measured polarization degree (b), 
polarization angle (c), and its error defined as the difference between the measured polarization 
angle and the one from the signal source (d). 

At this point, it is important to make a comparison with the previously published 
results (Figure 9 in [19]), which were obtained using limited-bandwidth commercial 
MZMs operating with DSB–SC modulation instead of the SSB–SC used in this work.  

The first important difference is that in [19], a polarization degree of about 50% was 
achieved, while here, a degree of about 95% was measured. This result is justified by the 
higher bandwidth of the commercial modulator used in this work (15 GHz) compared to 
the previous ones (10 GHz). 

On the other hand, regarding the polarization angle error as a function of the input 
signal polar angle, a similar mean value is observed (around −6.5 degrees in this work and 
−6 degrees in [19]), while the amplitude of the error around the mean value is slightly 
smaller (1.5 degreed compared to 2.5 degrees in [19]). As shown in [30], the mean value 
offset can be easily corrected, while the error amplitude is a very important measure of 
the polarization calibration; therefore, in the following, we will compare it with the one 
obtained using the InP alternative modulators. 

In summary, the use of the commercial modulator proposed in this work presents 
clear advantages compared to those used in previous works, except for factors such as the 
high cost of this type of modulator; this cost is mainly increased due to the higher band-
width and the lack of integration capabilities within the LiNbO3 technology.  

  

Figure 7. Photograph showing the rack with the polarimeter receivers and one commercial modu-
lator, which is the same that was presented in Section 2 (a); the measured polarization degree (b),
polarization angle (c), and its error defined as the difference between the measured polarization angle
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At this point, it is important to make a comparison with the previously published
results (Figure 9 in [19]), which were obtained using limited-bandwidth commercial MZMs
operating with DSB–SC modulation instead of the SSB–SC used in this work.

The first important difference is that in [19], a polarization degree of about 50% was
achieved, while here, a degree of about 95% was measured. This result is justified by the
higher bandwidth of the commercial modulator used in this work (15 GHz) compared to
the previous ones (10 GHz).

On the other hand, regarding the polarization angle error as a function of the input
signal polar angle, a similar mean value is observed (around −6.5 degrees in this work
and −6 degrees in [19]), while the amplitude of the error around the mean value is slightly
smaller (1.5 degreed compared to 2.5 degrees in [19]). As shown in [30], the mean value
offset can be easily corrected, while the error amplitude is a very important measure of
the polarization calibration; therefore, in the following, we will compare it with the one
obtained using the InP alternative modulators.

In summary, the use of the commercial modulator proposed in this work presents clear
advantages compared to those used in previous works, except for factors such as the high
cost of this type of modulator; this cost is mainly increased due to the higher bandwidth
and the lack of integration capabilities within the LiNbO3 technology.
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4.2. Polarization Measurement Results with InP MZMs

Figure 8a is a photograph showing the rack with the polarimeter receivers and the InP
modulators introduced in Section 3. Figure 8b–d show the measured degree of polarization,
the angle of polarization, and its error (the difference between the measured angle and that
of the signal source).
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It is now possible to compare the results with those previously published [19] and
with those shown in Figure 7. At the level of performance, the advantages of the InP
modulators with respect to those used in previous works are similar to those provided
by the commercial modulator of the present work. On the other hand, by comparing the
results of Figures 7 and 8, a similar degree of polarization can be observed (a little lower in
the case of one of the InP modulators), while in terms of polarization angle error, a lower
average value is observed (around −4.5 degrees of Figure 8d compared to the 6 degrees of
Figure 7d). However, in terms of the polarization angle error amplitude, the InP MZMs
provides a higher value (about 3 degrees compared to about 1.5 degrees), which could be
initially attributed to the signal modulation type (DSB-SC of the InP MZMs, instead of
SSB-SC of the commercial modulator). This last consideration is supported by the fact that
in [19], a similar amplitude of the polar angle error (about 2.5 degrees) was shown with
commercial modulators also using DSB-SC modulation. However, considering the novelty
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of the InP dual MZM design (this was the first time that HHI provided an integrated design
with two MZMs), we decided to test the use of an additional InP modulator with a more
well-founded design, just to avoid possible immaturity issues.

This new modulator unit was also provided by HHI, and is shown in the photograph
in Figure 9a. It is important to note that the size of this modulator package is very similar
to that of the dual MZMs. The measured degree of polarization shown in Figure 9b is
similar to that provided by the polarimeter with the dual modulator design. Additionally,
the measured polar angle error shown in Figure 9d has a similar average value (about
−4.7 degrees). However, the amplitude of the error (about 1.2 degrees) is even smaller
than that of the commercial modulator, so it seems that the novelty of the integrated dual
modulator design has an effect on this aspect of the polar angle error.
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From this result, it can be expected that with additional effort to provide a more mature
dual modulator design, the amplitude level of the polar angle error could be reduced to
values such as the one shown in Figure 9d.

5. Conclusions

This paper presents a study of the performance of different Mach–Zehnder modulation
technologies and their application to microwave heterodyne polarimeters based on the
use of an NIR frequency up-conversion stage. Commercial MZMs have so far been imple-
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mented using LiNbO3 technology, which does not allow integration for the implementation
of the frequency up-conversion stages. On the other hand, we have also tested the use of an
alternative technology based on InP, which allows integration in the fabrication processes,
while offering potential advantages in terms of bandwidth, cost and size reduction. These
aspects are very interesting for broadband applications such as microwave instrumentation
for the study of the cosmic microwave background (CMB).

We have shown the modulation performances of different MZMs, including a com-
mercial unit with a higher bandwidth (15 GHz) than in previous works and SSB–SC
modulation capabilities, and another two InP integrated units (a dual design and a second
single modulator) provided by HHI. In the first part of the work, the good performance of
the commercial modulator unit has been shown in terms of obtaining an SSB–SC modula-
tion with an ER value of about 25 dB, which is particularly interesting for its application
in synthesized imaging interferometers. The large bandwidth coverage (DC-50 GHz) of
the InP modulators with practical ER values of about 10 dB was also demonstrated by
measuring DSB-SC-modulated signals.

In the second part of the paper, the modulators were coupled to a microwave polarime-
ter demonstrator presented in previous works to compare the polarization measurement
performances corresponding to each of the MZM options. It was shown that the commercial
modulator was able to provide optimal polarization percentage levels with a lower ampli-
tude of the polarization angle error. On the other hand, despite their lower ER values, InP
devices have shown similar performances in terms of polarization systematic errors, but
have also shown advantages provided by their wide bandwidth and technology integration
capabilities, which will have an impact via size and cost reduction. In fact, several inputs
from the foundry allow us to expect a cost reduction of about a factor of 10 compared to
commercial LiNbO3 technology (and considering applications with hundreds of receivers,
as can be the case in CMB instrumentation). For all these reasons, we believe that the use
of integrated InP modulators is an excellent option for broadband microwave astronomy
applications, such as ground-based CMB polarization experiments.
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