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ABSTRACT We present an architecture for millimeter-wave spectrum analyzers with Hz resolution and
precision based on heterodyne down-conversion using ErAs:InGaAs photoconductive mixers driven by a
tunable ultra-narrow linewidth continuous-wave (CW) photonic local oscillator. Unlike previous optoelec-
tronic or electronic architectures, there is no requirement for an external electronic spectrum analyzer or any
frequency extenders, keeping the system less complex and less expensive. We demonstrate the architecture
for a frequency range that surpasses the E-band range by 10 GHz, i.e. from 50 to 90 GHz, but it is easily
extendable to frequencies beyond 300 GHz or to frequencies as low as 25 GHz. A minimum power of 300 fW
at 72 GHz was detected when using a resolution bandwidth of 1 Hz.

INDEX TERMS CW photoconductive detectors, ErAs:In(Al)GaAs photoconductors, photomixers, spectrum

analyzer, millimeter waves.

I. INTRODUCTION

The emergence of 5G communication networks and automo-
tive radars for autonomous driving has made the development
of millimeter-wave systems an industry priority. Develop-
ment of such systems requires the use of high-resolution
measurement equipment for proper characterization, testing
and identification of design errors. One of these systems
are high-resolution spectrum analyzers that give insight
into spectral purity, frequency accuracy, and stability of
millimeter-wave emitters, amongst others. Here, we present
and experimentally demonstrate, an architecture for a true
optoelectronic spectrum analyzer with a Hz-level resolution
working in the millimeter-wave range.

To date, two main architectures exist for high-resolution
spectrum analyzers working in the millimeter-wave range: a
continuous-wave (CW) architecture based on electronic com-
ponents and a pulsed architecture based on photonic compo-
nents. The electronic architecture is based on a stand-alone
electronic spectrum analyzers (ESAs) that may cover up to
90 GHz [1], or on comparatively ‘low’ frequency ESAs sup-
plemented with frequency extenders. These frequency exten-
ders are composed of harmonic mixers, and require additional
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local oscillators (LOs) to operate [2], [3], however, they can
cover frequencies higher than 90 GHz. The additional LOs
can be provided by the ESAs, but many of them lack that
capability, requiring also the use of external LOs. Hence,
the main disadvantage of these electronic architectures is their
cost, the difficulty of increasing their frequency coverage, and
the scaling of the phase noise for such increased coverage.
This is because the harmonic mixers in the frequency exten-
ders use hollow core metallic waveguides with relatively nar-
row bandwidths (of the order of 50% of its center frequency)
[2], [3]. Therefore, large frequency coverage requires many
harmonic mixers and the use of relatively high harmonics in
the mixing process. The use of many external mixers to cover
a certain frequency range increases the complexity of the
measurement system, the measurement as a such (requiring
the calibration of each individual band [4]) and its cost (even
a stand-alone ESA covering up to 90 GHz exceeds by several
times the price of a complete photonic CW terahertz system).
The use of high harmonics in the mixing process spoils the
spectral purity of the spectrum analyzer, given that harmonic
mixers basically behave as frequency multipliers, in which
the higher the harmonic used, the worse the phase noise
performance [5]. Indeed, the use optoelectronic approaches
to alleviate this drawback has already been suggested in [5].
The reason is that the phase noise scales as the square of
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the harmonic in electronic frequency multipliers [6], con-
trasting with the nearly constant phase noise scaling of the
optoelectronic LO presented here, as we will detail in the next
subsections.

The second architecture is based on mode-locked lasers
(MLLSs) driving pulsed photoconductive mixers [7]-[10]. The
pulse generated by the MLL is rectified in the photoconduc-
tive mixer resulting in a comb-like structure with a mode
spacing given by the repetition rate of the MLL, and a span
that extends from DC to several terahertz. If the MLL is
sufficiently stabilized, the individual modes of this photonic
LO can mix with the signal to be detected to produce a
downconverted RF signal susceptible to be analyzed by an
ESA. However, it is fundamental to know exactly which mode
generated the downconverted RF signal. This can be done
by varying the repetition rate of the MLL [8], or by using
a dual detection scheme with two photoconductive mixers
and a dual-output MLL in which each of the outputs has a
different repetition rate [ 10]. Hence, the main disadvantage of
this architecture is the difficulty to analyze wideband signals
consisting of several components, because the resulting RF
signal will contain several mixing products, as illustrated
in [8], [10]. Therefore, it would be necessary to find the exact
origin of each of the components to reconstruct the original
signal, if possible at all.

Except for the stand-alone ESA in [1] and the photonic
version in [10], which is a frequency counter rather than
a spectrum analyzer, the implementation of the aforemen-
tioned architectures relies on an external ESA, so they are not
actually stand-alone spectrum analyzers, but extensions to an
existing spectrum analyzer. The architecture presented here,
based on the concept introduced in [11], is not an extension,
but a true optoelectronic spectrum analyzer in itself capable
of analyzing wideband signals composed of several compo-
nents. It allows for a straight-forward extension to terahertz
frequencies without the need of several frequency extenders
and with an extremely low phase noise level. The architecture
thus combines the advantages of the photonic and electronic
realms by using a CW ErAs:InGaAs photoconductive mixer
[12] as a wideband heterodyne mixer driven by a tunable
photonic LO, and an all-digital intermediate frequency (IF)
chain.

The specific details of this new architecture are discussed
in Section II. The description of its two possible operation
modes are discussed in Section III. The experimental demon-
stration of both operation modes through the spectral analysis
of two different sources emitting around 72 GHz, which cor-
responds roughly to the center of the covered range, is shown
in Section IV. A discussion of the obtained results and a
comparison with the results obtained with other architectures
are presented in Section V. Concluding remarks are given in
Section VI.

Il. SPECTRUM ANALYZER ARCHITECTURE
The schematic diagram of the spectrum analyzer architecture
is shown in Fig. 1. It can be divided into three subsystems: the
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photonic LO subsystem, the heterodyne photomixing subsys-
tem, and the digital IF subsystem. Each of these subsystems
will be described in detail in the following subsections.
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FIGURE 1. Schematic diagram of the implemented spectrum analyzer
architecture. The pale red fiber represents non-PM fiber, while the bright
red represents PM fiber.

A. PHOTONIC LO SUBSYSTEM

The photonic LO subsystem is composed of a single dis-
tributed feedback laser (DFB) whose output is amplified by
a polarization-maintaining (PM) erbium-doped fiber ampli-
fier (EDFA). The wavelength and output power of the DFB
laser are electronically stabilized and set to 1539.24 nm and
2.5 mW, respectively. Given that the output fiber of the DFB is
non-PM, a polarization controller is used to match the output
polarization of the DFB to the input polarization of the EDFA.
This has to be done only once, and it is achieved by maximiz-
ing the power input to the EDFA, given by its built-in power
monitor. The EDFA then amplifies the optical signal up to
230 mW. Next, the amplified signal is split into two branches
using a PM splitter. The optical signal in the first branch is
phase-modulated by two cascaded PM electro-optical phase
modulators (EOMs) driven by a computer-controlled CW
RF signal generator (Rohde & Schwarz SMP02) with fre-
quency fgr and Hz-level precision. The RF power driving
the EOMs is set to 23.5 dBm and 15 dBm, respectively, with
no additional DC bias required. This results in a series of
sidebands around the main laser mode (n = 0) with a separa-
tion of frr between them, as described by the Jacobi-Anger
expansion [13]. In order to maximize the number of gen-
erated sidebands, the phase of the RF signal driving the
two EOMs is adjusted using a wideband tunable RF delay
line (LS-0140-KFKM from Spectrum Elektrotechnik). This
delay line is adjusted mechanically by monitoring the number
and the amplitude of generated sidebands. However, digitally
controlled delay lines could allow for an automatic adjust-
ment. Right after the EOMs, an optical tunable band pass fil-
ter (XTA-50 from Yenista Optics) selects the mode number n,
which is then amplified by a second EDFA. The optical filter
is digitally controlled by the same computer controlling the
RF generator. Its passband is set to 100 pm (12.7 GHz), and
its center frequency digitally selected between 1538.53 nm
and 1538.82 nm, depending on the frequency to be gener-
ated. Meanwhile, the main optical mode from the DFB laser
propagating in the second branch is delayed by 34.7 m of
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fiber to compensate for the delay introduced by the filter and
the second EDFA in the first branch. By doing this, the coher-
ence between the optical signals propagating in each of the
branches is preserved. The amount of fiber required for the
compensation was determined beforehand using an in-house
developed fiber-based interferometer, but it can also be mea-
sured using a commercial optical time-domain reflectometer.
Afterwards, the optical power in both branches is equalized
by a series of optical attenuators, while the polarization is
matched by means of two polarization controllers, one in each
branch. Finally, the two branches are combined, resulting
in a single optical signal, which is launched to free space
using a fiber collimator and then focused onto the photo-
conductor using a lens, as illustrated in the next subsection.
The polarization matching between the two optical branches
has to be done only once, and it is achieved by maximizing
the photocurrent generated by the optical signal reaching the
photoconductive mixer. The power of this optical signal Pro
ranges between 14 and 23 mW, depending on the selected
mode. Its stability APrp, however, depends mainly on the
power stability of the DFB laser and the EDFA, which is
better than 0.7 mW overall.
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FIGURE 2. Optical spectrum of the photonic LO output for three different
configurations: (a) n = 3, fgr = 18 GHz, (b) n = 4, fgr = 18 GHz, and

(c) n = 5, fpr = 18 GHz. The shoulders in each of the peaks originate from
the side lobes of the DFB laser, but they are suppressed by 30 dB. DFB
diodes with >50 dB side lobe suppression are commercially avaialable.
The undesired modes appearing periodically are due the finite roll-off of
the optical filter. They are suppressed by 27 dB on average. Further or
higher order filters would allow for better mode suppression.

The output of this subsystem is then a power-stable pho-
tonic signal composed of two coherent modes with an exact
frequency separation of nfgr. These optical modes are later
transformed into a spectrally pure millimeter-wave LO with
the exact frequency given by the difference-frequency gen-
eration mechanism of the photoconductive mixer, as we
will detail in the next subsection. The determining factor
for the extremely high spectral purity of the generated LO
is the common origin of the phase noise fluctuations in
each the modes. Thus, these fluctuations, coming mostly from
the DFB laser, are suppressed by the difference-frequency
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generation mechanism of the photoconductive mixer. In this
way, the linewidth, stability, accuracy are solely determined
by the RF generator without the need for any active stabi-
lization mechanism, even after a change in frr [14]. More
importantly, the linewidth and the frequency stability remain
nearly constant as the mode number difference, and hence
the frequency, is increased [15], in contrast to what occurs to
the phase noise in the harmonic mixers used by electronic
frequency extenders. This means that with comparatively
simple, table-top RF generators one can already achieve
Hz-level resolutions, while locking to frequency standards
can allow for better long-term stabilities and increased fre-
quency accuracies [14]. Advanced setups based on atomic
clocks or hydrogen masers, with a relative frequency stability
in the range of a few 10719 [16], can even allow for a uHz
resolution and accuracy, but with a considerable increase in
the system complexity.

Sample spectra of the optical output of this subsystem
for three different millimeter-wave frequencies are shown
in Fig. 2, but certainly, any arbitrary frequency can be gener-
ated by just selecting the right combination of n and fgr. This
entails changing the center frequency of the filter, changing
the frequency of the RF generator and, in some cases, tuning
the phase shifter. For this implementation, the maximum
measured frequency was 90 GHz, obtained with n = 5 and
frr = 18 GHz, while the minimum measured frequency was
50 GHz, obtained with n = 3 and fgr = 16.667 GHz. Smaller
frequencies can also be measured. The limit is just set by the
minimum separation between sidebands that the filter can still
turn into two optical modes with enough side lobe supres-
sion, which turns out to be 25 GHz. However, at such low
frequencies the performance of the antenna attached to the
photoconductive mixer is not optimal, as it will be discussed
in the next subsection.

Regarding the measured phase noise performance, the
3-dB linewidth of the generated LO was measured to be less
than 1 Hz, and its frequency stability better than 0.33 Hz/s.

In sum, the demonstrated photonic LO had an optimal
frequency coverage that ranged between 50 GHz and 90 GHz.
Higher frequencies can easily be achieved by adding more
cascaded EOMs, using different EOM models, or by mixing
positive and negative sideband orders by means of an addi-
tional filter, given that the limiting factor is just the amount of
generated sidebands. Indeed, similar photonic systems have
demonstrated a frequency coverage up to 1 THz [17]. Lower
frequencies can be achieved without any further modification
on this subsystem, but with a non-optimal performance on
the heterodyne downconversion. If optimal performance for
lower frequencies is of interest, the antenna of the photocon-
ductive mixer can be re-designed.

B. HETERODYNE PHOTOMIXING SUBSYSTEM

The heterodyne photomixing subsystem is composed of a
CW ErAs:InGaAs photoconductor attached to a logarith-
mic spiral antenna with a maximum radius of 600 um, and
a hyper-hemispherical silicon lens adhered to the 500-um
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thick photoconductor substrate, as shown in Fig. 3. The
10-mm diameter hyper-hemispherical silicon lens, with a
hyper-hemisphericity of 1 mm, helps to efficiently couple
the incoming millimeter-wave radiation to the logarithmic
spiral antenna, which, due to its finite size, has an optimal
performance for frequencies above 50 GHz. The performance
of such devices as millimeter-wave and terahertz photocon-
ductive detectors is described in detail in [12]. They have
been previously employed to detect terahertz signals up to
2.75 THz [18] using well-designed packages like the one
shown in [19], underscoring their extreme tunability, fre-
quency coverage, and ease-of-use.
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FIGURE 3. (a) Graphical representation of the relationship between the
photonic LO subsystem output, the digital IF subsystem input,

the millimeter-wave signal (mm-wave) to be analyzed, and the
photoconductive mixer of the heterodyne photomixing subsystem.

(b) Magnified view of the photoconductive mixer with its attached
broadband spiral antenna, and the silicon lens used to in-couple the
millimeter-wave radiation.

Their operation as optoelectronic mixers can be described
by two distinct mechanisms: the difference-frequency gen-
eration mechanism that produces the LO from the photonic
signal, and the actual mixing mechanism occurring when a
millimeter-wave signal with the right frequency is detected
by the antenna attached to the photoconductor.

The difference-frequency generation mechanism has its
origin in the absorption process of the photonic LO by the
photoconductor, whose electric field strength Epo(¢) is given
by

ELO(t) — Eoeiw0[+i¢0(t) + Enei(w0+w”)[+i¢”([) (1)

where Ey and E,, are the electric field strengths of the selected
optical modes, ¢o(t) and ¢,(¢) their phases (including their
timing jitter due to their phase noise), wg the angular fre-
quency of the main laser mode, and w, = 2mnfgrr. The
absorption of the photonic LO generates electron-hole pairs
in the photoconductor at a rate proportional to its instanta-
neous intensity, I7.(t) ~ Epo(t) - E}(t). Thus, the instanta-
neous photoexcited carrier density nyo(t) is

nLo(t) ~ |Eo|*+|En|* + 2|E,Eo| cos (wnt +do(t) — ¢u(t)).
)

Although the DFB laser may have a linewidth in the MHz
range, resulting in a timing jitter in the order of a few
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microseconds, this timing jitter is practically the same for
both modes, as explained in the previous subsection. Hence,
the difference-frequency generation mechanism removes the
jitter from the DFB laser, resulting in A¢, = ¢o(t) — ¢, (1),
which does not possess any explicit time dependence any-
more. Therefore, the spectral purity of the photomixed LO
is dominated by the spectral purity of the RF generator, not
by the linewidth of the DFB laser in contrast to usual CW
terahertz systems.

When the millimeter-wave signal to be analyzed, with field
Exuw (¢), is received by the antenna attached to the photo-
conductor, the field is transformed into a bias that separates
the charges generated by the photonic LO. This results in the
mixing of the signals via the emergence of a drift current
ig ~ npo(t)Eymw (t), which is transmitted through a coplanar
stripline to the digital IF subsystem, as shown in Fig. 3. For
the specific case of a single-frequency millimeter-wave signal
Eyvmw (t) = Epmmw,o cOS (2JTfMMwl + (bMMw(t)), the drift
current is primarily composed of three terms: fymw, nfrr +
fumw, and nfgr — fyumw. The first two terms are in the
millimeter-wave range and thus far beyond the bandwidth of
the digital IF subsystem. Only the term nfgr — fymw may
generate a detectable component iz (?), given by

ider(1) ~ Enpw,0EnEo c05 (@0 = omw )t + $aa(®)) (3)

where @ger (1) = Apn—dpmw (t). Such component is detected
only when |f;, — fumw| is within the detection bandwidth of
the digital IF subsystem. Its amplitude stability is determined
by the power stability of the photonic LO, because E,Ey ~
Pro. If we express the fluctuations in the detected amplitude
Aige; originating from the LO fluctuations as

APLoEymw,0 _ APrLo
ProEymw 0 Pro

Aiger = (4)
we can estimate that the amplitude fluctuations in the detected
current do not exceed -26 dB. Where we have used the
previously stated power stability values of the photonic LO.

C. DIGITAL IF SUBSYSTEM

The digital IF subsystem is composed of a transimpedance
amplifier (TTIA, PDA-S from TEM Messtechnik), a reconfig-
urable analog anti-aliasing filter (LTC1564 from Linear Tech-
nology), and a reconfigurable data acquisition card (DAQ,
USB-6210 from National Instruments). The TIA features
a gain of 3.3 x 10° V/A, and it is directly connected to
the ErAs:InGaAs photoconductive mixer via the coplanar
stripline in order to transform the relatively small current
ider(t) into a voltage. The anti-aliasing filter, with a recon-
figurable cutoff frequency tunable from 10 kHz to 150 kHz
in steps of 10 kHz, and the acquisition card, with a maxi-
mum sampling frequency of 250 kS/s, are both controlled by
the same computer controlling the photonic LO subsystem.
The input of the anti-aliasing filter is directly connected to the
TIA, and its output connected to the DAQ, which finally
digitizes the detected signal.
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In principle, the detection bandwidth Afpgr is determined
by the sampling frequency of the DAQ, that can be set to
any value below 250 kS/s. This would imply a maximum
Afper of 125 kHz, according to the Nyquist—Shannon the-
orem. However, this would require an anti-aliasing filter
with an extremely sharp response, able to prevent that any
signal with a frequency higher than 125 kHz is sampled by
the DAQ. Since most analog filters have a rather gradual
roll-off, the cutoff frequency of the anti-aliasing filter must
actually be chosen lower than the Nyquist-Shannon limit
to prevent the leakage of higher frequency signals. Here,
we have chosen a factor of approximately 2 lower, a value
that guarantees a strong enough attenuation for frequencies
above the Nyquist-Shannon limit. Hence, in practice, Afpgr
is effectively set by the cutoff frequency of the anti-aliasing
filter. A digital low-pass filter with the same cutoff frequency
is then used to remove any traces of components with fre-
quencies above the cutoff from the digitized signal.

lIl. OPERATION MODES

The proposed spectrum analyzer has two possible operation
modes, one with a very wide span but a limited resolution
bandwidth (RBW) and one with an arbitrarily high RBW but
a relatively limited span. In principle, one can use the first
mode to locate the signal to be analyzed, and the second mode
to perform a precise characterization of its spectral struc-
ture. However, the two modes are completely independent
of each other and can be used to analyze different kinds of
signals. The details of each of them are explained in the next
subsections.

A. OPERATION MODE I (WIDE-SPAN MODE)

This mode performs a sweep of the LO and records the square
of the detected current at each frequency step, similar to what
is done in a classical frequency-swept ESA. Its RBW is equal
to 2Afpgr due to the ambiguity existing between positive and
negative frequency differences that can result from the mixing
process, i.e. both fro — fumw and fymw — fLo can generate
exactly the same detected current regardless of the sign of the
difference.

As discussed in the last section Afpgr is determined by the
settings of the anti-aliasing filter and the DAQ, having a max-
imum value of 70 kHz at a sampling frequency of 250 kS/s,
and a minimum of 10 kHz at sampling frequency of 40 kS/s.
Thus, the RBW can only be tuned from 20 kHz to 140 kHz in
steps of 20 kHz. The tuning is done by digitally reconfiguring
the anti-aliasing filter cutoff frequency and the DAQ sampling
frequency through a graphical user interface in the computer
controlling each of the subsystems. The frequency span can
be tuned to any range between 50 GHz and 90 GHz by
digitally tuning the RF generator frequency, the optical filter,
and in some cases, the delay line. The first two parameters
are set also through the graphical user interface, while the
last one must be tuned mechanically, if required at all. Once
the parameters are set, the spectrum analyzer automatically
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performs the sweep by continuously changing the frequency
of the RF frequency generator.

Given that the RBW of this mode is 2Afpgr, the frequency
step size of the sweep should be smaller than 2Afpgr to
avoid losing spectral resolution. The smaller the step the size,
the more the frequency points, and the more the noise can
be reduced through higher order post-detection filters, i.e.
video-bandwidth filters (VBW). Additionally, one can also
take the average over several samples at each frequency step
to increase the sensitivity further. However, this increases the
sweep time significantly. If a rather fast and coarse sweep is
required, one can also undersample the spectrum by taking
step sizes much bigger than 2Afpgr. The minimum sweep
time is given by Mt,, where M is the number of frequency
steps, and f; the settling time of the RF generator after each
frequency change, equal to 11 ms for this implementation.
No additional stabilization time is required.

B. OPERATION MODE Il (HIGH-RESOLUTION MODE)

This operation mode keeps the frequency of the LO fixed,
while a time trace of the detected signal is acquired. A Fourier
transform then generates the spectrum, similar to ESAs with
an all-digital IF chain. The RBW is given by f;/N, f; being
the sampling frequency of the DAQ, and N the number
of acquired points for each measured spectrum. N can be
changed at will, allowing an arbitrary RBW within the DAQ
specifications. These parameters, as well as the LO fre-
quency, are also set via the graphical user interface in the
computer controlling each of the subsystems. In practice,
however the RBW limit is determined by the long-term fre-
quency stability of the RF generator of the photonic LO, and
by the ambiguity between positive and negative frequency
differences. The long term frequency stability of the RF
generator imposes a hard limit, which for this implementation
is around 1 Hz. The ambiguity in the resolution resulting from
the impossibility to distinguish between negative and positive
frequency differences is rather a soft limit for this mode. It can
be easily overcome by first locating the actual frequency
of the signal to be analyzed using the smallest resolution
bandwidth of the wide-span mode, and then using this mode
with its maximum span. The maximum and minimum span
of this mode are determined by the anti-aliasing filter and
the DAQ, resulting in a maximum of 70 kHz and a minimum
10 kHz. The tuning is also done in steps of 10 kHz through
the graphical user interface. The sweep time is equal to N /f;.

IV. EXPERIMENTAL DEMONSTRATION

We tested both operation modes using two different sources
emitting around 72 GHz, which is roughly at center of the
optimal frequency range of the implemented spectrum ana-
lyzer. To test operation mode I, we measured the spectrum
emitted by a CW terahertz photomixer driven by the pair of
DFB lasers described in [20]. To test operation mode II we
measured the spectrum of one of the modes composing the
terahertz pulse emitted by a pulsed ErAs:In(Al)GaAs pho-
toconductive antenna (PCA) when driven by a mode-locked
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laser (MLL) [19]. The results for each of the modes are shown
in the first two subsections.

A. DEMONSTRATION OF OPERATION MODE I

Fig. 4 shows the recorded spectrum of the millimeter-wave
signal emitted by the CW photomixer when driven by the two
DFB lasers whose temperature and current are kept constant
to generate a nominal frequency difference of 73.44 GHz.
The settings used for this measurement were the follow-
ing: the frequency of the photonic LO was swept between
71.92 and 72.08 GHz in 70 kHz steps, and at each step an
average of 5,000 samples were taken, f; was set to 250 kHz,
the cut-off frequencies of the anti-aliasing and digital filters
to 70 kHz, resulting in a RBW of 140 kHz. Additionally,
a VBW filter, implemented as a 13th-order moving average
filter, was used after the spectrum was acquired, which was
composed of 2,286 frequency points, totaling an acquisition
time of 10 minutes. As it is evident, the signal is not centered
around 73.44 GHz, but around 72.02 GHz. It also drifts over
time, as shown by the spectrogram of Fig. 5, recorded also
with the implemented spectrum analyzer. Offsets and drifts
of this order are indeed expected, as the lasers temperature
and current settings are obtained from a look-up table that
has no feedback mechanism. We remark that it is possible to
halve the number of acquired points, and thus the measure-
ment time, by tuning the LO in frequency steps of 140 kHz.
However, this would also have required reducing the order of
the VBW filter.
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FIGURE 4. Detected current squared reproducing the spectrum of the
signal emitted by the CW photomixer. Span: 160 MHz. RBW: 140 kHz.

To determine the sensitivity limits of this operation mode,
we varied the power of the millimeter-wave signal by chang-
ing the voltage applied to the CW photomixer source while
keeping the rest of the measurement settings the same.
Afterwards, we measured the emitted power for each of
the applied voltages using a PTB (Physikalisch Technis-
che Bundesanstalt)-calibrated pyroelectric detector. The mea-
sured results, together with a linear fit, are shown in Fig. 6.
The maximum detected power was 130 uW, obtained for
the spectrum shown in Fig. 4. Given that the spectral shape
for such spectrum was found to be Gaussian with a 3-dB
linewidth of 2.86 MHz, the maximum peak spectral density
measured with this mode was 40 pW/Hz. The minimum
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FIGURE 5. Spectrogram of the signal emitted by the CW photomixer. The
span was reduced to 40 MHz to highlight the frequency stability of the
signal. As pointed out in the main text, fy = 72,020 MHz, the center
frequency of the emitted signal.
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FIGURE 6. Peak of the detected current squared (DCS) as function of
incident power originating from the CW photomixer (black) and its linear
fit (blue).

detected power was 3 uW, corresponding to a minimum
measured peak spectral density of around 980 fW/Hz. There
is negligible saturation within the investigated power range,
as the comparison with the linear fit shows. The 1 dB
compression point is approximately at the highest measured
power of 130 uW.

B. DEMONSTRATION OF OPERATION MODE Ii

Fig. 7 shows the recorded spectrum of the 721%" mode of the
terahertz pulse emitted by the pulsed ErAs:In(Al)GaAs PCA
biased with 200 V and driven by a MLL from Menlo Systems
with a nominal repetition rate fy, equal to 100 MHz. The
output optical pulse from the MLL had a duration of less than
90fs, and it was centered around 1560 nm. After photomixing
in the PCA, the optical pulse is transformed into a terahertz
pulse with the same repetition rate. This terahertz pulse,
composed of thousands of modes, is similar to a terahertz
frequency comb but with no active stabilization. However,
due to the difference-frequency generation mechanism of the
photomixing process, there is zero offset as opposed to the
phase-envelope offset exhibited by optical combs. In fact,
the terahertz pulse can be seen as a modulated signal centered
around f,, with an extremely wide modulation bandwidth,
as shown in Fig. 8. This means that the actual frequency
of each of the emitted modes can be obtained by simply
multiplying fy., by the mode number. Thus, the 721*" mode
should be located around 72.1 GHz.
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The settings used in this measurement mode were the
following: the frequency of the photonic LO was set to
72.0195167 GHz, f; to 40 kHz, N to 40,000, and the cut-off
frequencies of the anti-aliasing and the digital filters were
set to 10 kHz. This resulted in a span of 10 kHz and a
RBW of 1 Hz, however, the 1/f noise limited the IF range
to 1 kHz-10 kHz, resulting in an effective span of 9 kHz.
The acquisition of the spectrum took around 1 s, allow-
ing to monitor the spectrum almost in real time. Although
the repetition rate of the MLL was not actively stabilized,
it showed negligible drift on the measurement time scale,
as shown by the spectrogram of Fig. 9, recorded also with
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FIGURE 7. Detected current squared reproducing the spectrum of the
7215t mode emitted by the pulsed PCA. Span: 9 kHz. RBW: 1 Hz. The inset
shows a magnified view of the spectrum centered at fy =

72,019,522,083 Hz.
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FIGURE 8. Spectrum of the terahertz pulse emitted by the
ErAs:In(Al)GaAs PCA as captured by using a TDS system. We remark that
this spectrum features the influence of the receiver used in the TDS
measurement, and that the TDS frequency resolution is not enough to
resolve each of the individual modes composing the terahertz pulse.
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FIGURE 9. Spectrogram of 7215 mode emitted by the pulsed PCA. The
span was reduced to 600 Hz to highlight the frequency stability of the
signal. fy = 72,019,522,083 Hz.
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FIGURE 10. (a) Integrated pulse power as a function of applied

voltage (black) and its sub-quadratic polynomial fit (blue). (b) Peak DCS
as a function of the measured integrated pulse power (black), and as a
function of the fitted power (blue).

the implemented spectrum analyzer. The actual frequency
of the measured mode shown in Fig. 7 was determined
to be 72.019522086 GHz after using operation mode I to
resolve for the ambiguity of this mode. This implied an
actual repetition rate of 99.888380 MHz, i.e. 111.620 kHz
smaller than the nominal repetition rate. The repetition rate
of the MLL, simultaneously measured using a photodiode
and an external ESA, was indeed 99.888380 MHz, proving
the authentic nature of the signal detected by our spectrum
analyzer. We remark that due to its extremely broadband
nature, this measurement would not have been possible with
a MLL-based optoelectronic spectrum analyzer because it
would have resulted in a plethora of downconverted modes,
making it impossible to determine which of them would
actually correspond to the 721% mode without any prior
information.

The line shape of the recorded mode was also found to
be Gaussian with a 3-dB linewidth of 1.14 Hz, however,
such value is the result of the convolution between the LO
linewidth and the linewidth of the 721*" mode. Given that the
LO has also a linewidth close to 1 Hz, the linewidth of the
721%" mode is possibly narrower, requiring a higher resolution
than the one available for its precise characterization. The
two side lobes appearing in the spectrum come from the
DFB laser used to generate the photonic LO, and they can be
removed by using a laser with higher side lobe suppression
ratio. The average power of the emitted pulse, measured with
the same PTB-calibrated detector, was 76 uW. This power
was distributed over 6.5 THz of bandwidth with a peak around
0.235 THz. According to a theoretical model of the terahertz
pulse, the average power in the 721%" mode should be on the
order of 100 pW.

To determine the sensitivity limits, we again varied the
terahertz power by changing the voltage applied to the pulsed
PCA source. The results are shown in Fig. 10. The black
line in Fig. 10 (a) shows the average power of the emitted
pulse measured with the PTB-calibrated pyroelectric detec-
tor, which has a noise floor of 1 uW. Hence, in order to
obtain the emitted powers below that noise floor, we used
a power-law fitting to extrapolate the values at low biases.
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Ideally, a PCA would show a quadratic dependence of the
emitted power vs. bias. In reality, saturation effects make
that dependence subquadratic. Therefore, the fit, represented
by the blue line in Fig. 10 (a), resulted in a relationship
between integrated pulse power Prp, and voltage V given by
Pru(V) = 0.02873 V1431 Fig. 10 (b) shows the estimated
detected power of the 7215 mode vs. the integrated pulse
power. The smallest detected signal was obtained for an
applied bias of 2.5 V, corresponding to an estimated power
of 300 fW in the 721*' mode (the integrated pulse power being
100 nW). Thus, the smallest recorded peak spectral density
was smaller than 300 fW/Hz. At integrated pulse powers
beyond 10 uW, corresponding to around 30 pW in the 721%
mode, we already started seeing saturation.

V. DISCUSSION
The differences between the sensitivity values obtained for
operation mode I and operation mode II are attributable to
the linewidth and to the structure of the analyzed signal in
each case. In particular, the lower power required to saturate
the spectrum analyzer in operation mode II is caused by the
influence all the other modes composing the emitted pulse,
which exhaust a large amount of the photo-excited carriers.
We also remark that the power in the 721* mode is an
estimate that depends significantly on the assumptions made
on its theoretical modelling. The estimations presented so far
correspond to a very conservative scenario. The actual noise
floor may be substantially lower. If one considers the smallest
peak spectral density detected using operation mode I, i.e.
983 fW/Hz, and its associated detection bandwidth, which
due to the averaging amounts to around 600 Hz, one could
actually predict that it is possible to detect smaller spectral
densities than the ones obtained for operation mode II. This
is actually expected: the detection limit of ErAs:InGaAs pho-
toconductive mixers has been estimated to be as small as
1.8 fW/Hz when used in coherent detection schemes [12].
Table 1 compares different implementations of existing
spectrum analyzer architectures to the one implemented
here. Compared to the electronic architecture based on a
stand-alone ESA implemented in [1], the main advantage of
the CW optoelectronic architecture implemented here is its
frequency scalability. It is relatively easy and less expensive
to modify the photonic LO to increase its coverage up to
1 THz [17] (by implementing EOMs with larger bandwidth,
by using more phase-locked EOMs, or by utilizing the mixing
product of positive and negative side lobes through the use of
an additional filter), while it would require several frequency
extenders to achieve the same frequency coverage with a
stand-alone ESA. Compared to the electronic architecture
based on frequency extenders [2], [3], the main advantage
of this optoelectronic architecture is its superior phase-noise
performance. Finally, when compared to implementations
based on the MLL-based optoelectronic architecture [8],
the two main advantages are the possibility of analyzing
wideband signals composed of several frequency tones and
the increased sensitivity.
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TABLE 1. Comparison between different implementations of the existing
millimeter-wave spectrum analyzer architectures.

Architecture | Nominal Freq Y Wideband | Minimum
Implementa- | Frequency Scalability Signal Detectable
tion Coverage Analysis | Power
with 1 Hz
RBW
Stand-alone |2 Hz-90 GHz | Not possible | Possible | Not Speci-
ESA 1] without fied
(electronic) extenders
VDI 50-90 GHz Up to 1,500 GHz | Possible |1aW
frequency (using 2 sep- | (using 13 separate

extenders [2] | arate extenders | extenders and an
(electronic) and an external | external high-end
high-end ESA) | ESA)*

RPG 50-90 GHz Up to 500 GHz | Possible | Not speci-
Radiometer | (using 2 sep- | (using 8 separate fied
Physics arate extenders | extenders and an

frequency and an external | external high-end

extenders [3] | high-end ESA) | ESA)*
(electronic)

MLL-based |50-1600 GHz | Not possible Not possi- | 26 nWP
[8] (optoelec- | (using an exter- ble

tronic) nal ESA)

This  work | 50-90 GHz Up to 1,000 GHz | Possible 300 fW¢
(optoelec- (using wideband

tronic) EOMs and an
additional optical
filter)

2Frequency scaling impaired by phase noise scaling of frequency extenders.
PMeasured at 99 GHz.

“Estimated upper limit at 72 GHz.

From photomixing measurements using similar photocon-
ductive mixers as the one implemented here [12], we can
deduce that such sensitivity remains approximately con-
stant up to a frequency of 300 GHz. At higher frequencies,
the responsivity starts to decrease due to the carrier lifetime
roll-off [21].

Therefore, the proposed spectrum analyzer architecture
could be implemented up to 300 GHz with exactly the same
performance, and up to terahertz frequencies with a slightly
reduced sensitivity.

VI. CONCLUSION AND OUTLOOK

We have shown an optoelectronic free-space spectrum ana-
lyzer architecture for the millimeter-wave range. Its Hz-level
resolution as well as its tunable frequency coverage were
demonstrated by two exemplary measurements of two very
different signals both centered around 72 GHz: (i) a signal
with a linewidth of 2.86 MHz and a peak spectral density as
small as 983 fW/Hz, and (ii) a spectrally purer signal with a
linewidth narrower than 1 Hz and an estimated power smaller
than 300 fW.

The main advantage of the presented optoelectronic archi-
tecture is that it allows the measurement of wideband signals
consisting of several frequency modes without the need of
acquiring or exchanging multiple millimeter-wave compo-
nents. This reduces not only the cost, but also the complexity
of the measurement process. Additionally, its phase noise per-
formance can outperform the one exhibited by commercially
available electronic options, especially for the upper end of
the millimeter-wave range.
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