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Electronic analog to digital converters (ADCs) are run-
ning up against the well-known bit depth versus bandwidth
trade off. Towards this end, radio frequency (RF) photonic-
enhanced ADCs have been the subject of interest for some
time. Optical frequency comb technology has been used as a
workhorse underlying many of these architectures. Unfor-
tunately, such designs must generally grapple with size,
weight, and power (SWaP) concerns, as well as frequency
ambiguity issues which threaten to obscure critical spec-
tral information of detected RF signals. In this work, we
address these concerns via an RF photonic downconverter
with potential for easy integration and field deployment by
leveraging a novel, to the best of our knowledge, hybrid
microcomb/electro-optic comb design. © 2022 Optica Pub-
lishing Group

https://doi.org/10.1364/OL.474710

Increasing demand for high-speed data transmission and pro-
cessing has helped motivate the development of electronic
analog to digital converters (ADCs) at impressive speeds. Unfor-
tunately, progress in ADCs seems to be challenged by the
well-known bit-depth versus bandwidth trade off [1]. Techni-
cal issues with timing jitter often take a toll, and as transmission
rates increase, so does comparator ambiguity [1]. A range of
radio frequency (RF) photonic solutions have been proposed that
vary in implementation [2–7], but are generally united by their
use of optical frequency combs. These combs possess extremely
high frequency stability, and so promise to correct for some of
the timing inaccuracies that plague electronic solutions at high
frequencies. Demonstrations of RF photonic downconverters
illustrate the power of optical frequency combs for sampling
broadband electronic signals. However, in order to be deployed
in real-world scenarios, optimization of size, weight, and power
(SWaP) ought to be considered. Of the typical frequency comb
generation methods, mode locked lasers are perhaps the most
common, but cascaded electro-optic (EO) modulators are also
frequently used. Both approaches can often be rather expensive
from a SWaP perspective—commercially available mode locked

lasers often have electrical-to-optical power conversion efficien-
cies of a few percent at most, with average optical powers at
or above a few 100 milliwatts [8], suggesting electrical power
draws of at least several Watts, often significantly more. Volumes
of several liters are a typical lower bound. General SWaP met-
rics for EO comb generators are difficult to estimate due to the
variety of implementations. However, as an example, a typical
EO comb generator used in our laboratory requires powers and
volumes roughly comparable with those of mode-locked lasers
[9]. This uses discrete optical components, but improved SWaP
is possible with on-chip technologies such as lithium niobate on
insulator (LNOI) modulators. A recent impressively low-power
result (though having too few comb lines for the work presented
in this Letter) still required more than 3 W of RF power [10].

Additionally, in many works on photonic downconversion, the
photonic component of the system functions as a channelizing
front end, splitting a broad input spectrum into slices and send-
ing each slice to a separate electronic detector (see for example
[3]). This approach is necessary when signals with bandwidths
spanning multiple Nyquist bands are targeted. In certain analog
applications, e.g., dual band radar, the signals of interest have
center frequencies covering multiple Nyquist bands but band-
widths contained within a single Nyquist band. In such cases, the
use of many parallel detectors is not strictly necessary and a sin-
gle detector could suffice, simplifying the system. We especially
target such applications here. However, due to Nyquist folding,
in this scheme spectral information would be lost and the input
signal’s original frequency would be unknown after downcon-
version. Disambiguation techniques are required to recover this
information, critical for applications such as electronic support
and signals intelligence [11].

In this work, we demonstrate a dual-comb architecture for
photonic downconversion of wideband RF signals with potential
for eventual on-chip integration. We accomplish this by taking
advantage of maturing silicon nitride microcomb technology
for one of our two combs. Silicon nitride (SiN) resonators have
been used to generate coherent soliton frequency combs on-
chip for nearly a decade [12]. The platform is CMOS foundry
compatible and has been used to generate frequency combs

0146-9592/23/010159-04 Journal © 2023 Optica Publishing Group

https://orcid.org/0000-0002-9577-3334
https://orcid.org/0000-0002-2214-3999
https://orcid.org/0000-0002-3673-735X
https://orcid.org/0000-0003-2405-6028
https://orcid.org/0000-0002-1334-8183
https://doi.org/10.1364/OL.474710
https://crossmark.crossref.org/dialog/?doi=10.1364/OL.474710&amp;domain=pdf&amp;date_stamp=2022-12-23


160 Vol. 48, No. 1 / 1 January 2023 / Optics Letters Letter

Fig. 1. Diagram of dual comb approach for downconversion. LO
comb lines each sample different portions of the RF input spectrum,
thus folding the spectrum down to a δfr/2-wide baseband region.

with milliwatt levels of input optical power [13]. Generally
soliton microcombs require an off-chip pump source to drive
the SiN microring. However, within the last few years, opti-
cal pump sources have been successfully integrated for soliton
generation powered by an AAA battery [14] and even for het-
erogeneously integrated on-chip pump/microring pairs [15],
suggesting convenient deployment of microcombs into the field
may be approaching in the near future.

While the SiN-based microcomb is very attractive from a
SWaP perspective, the power per comb mode is limited by
characteristically poor pump-to-sideband conversion efficiency
[16]. Thus, we utilize an EO comb as our secondary comb, here
termed the local oscillator (LO) comb. The EO comb can provide
much higher power per comb mode than a soliton microcomb,
which can in turn lead to improved system RF gain. Additionally,
the EO comb uniquely addresses another of the concerns with
some previous RF downconverters—namely, the issue of spec-
tral ambiguity. Our hybrid EO comb/microcomb system—to
our knowledge, a first-of-its-kind demonstration—allows for the
use of a single detection stage (rather than many in parallel)
to acquire the entire input spectrum while also overcoming the
challenge of input frequency band ambiguity. This is accom-
plished through disambiguation techniques leveraging the easy
tunability of the EO comb repetition rate.

Our approach is outlined in Fig. 1, and is related to works
such as Refs. [3–5]. The soliton “signal” comb has a repetition
rate fr1, and passes through a null-biased intensity modulator by
which the RF signal of interest is inscribed onto the comb. Each
comb mode inherits a spectral copy of the input RF spectrum.
Note that since dual combs are used for downconversion, it is the
mixing of the combs’ electric field terms—rather than a single
comb’s intensity—that is of importance. Thus, the null bias
point is appropriate rather than the quadrature bias often used
in direct detection systems [17]. The LO comb has a repetition
rate of fr2 = fr1 + δfr. When the two combs beat together on a
photodetector, the different LO comb modes sample the input
RF spectrum in chunks of bandwidth δfr (one so-called “Nyquist
zone” of width δfr/2 on either side of each LO line) and fold them
all down to a common baseband region from DC to δfr/2. This
sampling of the RF spectrum is a result of the two combs’ slightly
offset repetition rates, and allows a system with bandwidth equal
to that of the Nyquist zone width (rather than the full input
spectral width) after the photonic downconverter to process the
signal(s) of interest.

We implement this structure as in Fig. 2(a). An external cav-
ity diode laser (ECDL) around 1550 nm is split into two arms,
one for each comb. In the signal arm (soliton comb), an erbium-
doped fiber amplifier (EDFA) amplifies the laser before it is
coupled on-chip via lensed fibers. Additionally, we rotate the
polarization of the laser to properly align with the waveguides
on chip. We utilize an ultrahigh-Q microring [free spectral range

Fig. 2. (a) Experimental setup: CW, continuous wave laser; MRR,
microring resonator; PC, polarization controller; PBS, polarizing
beam splitter; IM, intensity modulator; BPD, balanced photodetec-
tor; ESA, electrical spectrum analyzer. (b) Optical spectrum of the
soliton after the pump is partially notched by the filter after the ring.
The EDFA’s gain spectrum is visible from ∼ 1530–1620 nm. The
inset is a close-up of the comb near the pump, showing individual
comb lines spaced at ∼ 40 GHz, as well as the spectral notching of
the optical filter.

(FSR) ∼ 40.374 GHz] from a batch featuring average loaded and
intrinsic Qs of over 107 each, fabricated using the photonic Dam-
ascene process [18]. This high Q lowers the required pump power
for comb generation and allows for reduced thermal effects in the
microring—effects that often plague soliton generation. Rather
than using a complex generation scheme as is often required, we
tune our laser from blue to red across a microring resonance until
solitons are generated, and back-detune to reach a single soliton
[19]. An optical spectrum analyzer (OSA) trace of the soliton’s
optical spectrum is shown in Fig. 2(b). The strong pump line
[here attenuated by a dense wavelength division multiplexing
(DWDM) functioning as a notch filter] is immediately visible
above the weaker comb lines. A second EDFA and DWDM-
notch filter increase the total comb power while reducing the
relative pump power. The RF signal input is sent through an
electrical low-noise amplifier (LNA) and modulated onto the
signal comb using an optical intensity modulator (IM).

The LO arm (EO comb) begins similarly, in this case with an
EDFA amplifying the ECDL before the optical carrier passes
through the EO comb generator. This portion of our system has
been explained elsewhere [9]. In short however, a series of opti-
cal phase modulators and an intensity modulator are used to
modulate the input CW laser, generating a flattop, broadband
optical frequency comb with ∼ 55 lines within its 3 dB band-
width. Due to the limited RF bandwidth of the modulators used
to generate the EO comb, we use a tunable RF signal generator
to set the comb’s repetition rate at ∼ 14.266 GHz, just over one
third of the soliton repetition rate. Accordingly, every third EO
comb line is situated relatively close to a soliton line and can
participate in downconversion. This effectively multiplies the
EO comb repetition rate by three to 3 × 14.266 = 42.798 GHz.
This is ∼ 2.42 GHz higher than the soliton repetition rate, fixing
δfr = 2.42 GHz and the Nyquist bandwidth at 1.21 GHz. A com-
mercial pulse shaper is used to select desired lines from the EO
comb. For the experiments reported here, we only allow one LO
line from the EO comb to pass at any given time, thus demodu-
lating only two corresponding Nyquist bands. Alternatively, the
spectral filter could be configured to allow only every third EO
comb line to pass, which would provide for downconversion of
multiple RF bands simultaneously. The presence of multiple LO
lines would increase shot noise, but due to large link loss (to be



Letter Vol. 48, No. 1 / 1 January 2023 / Optics Letters 161

Fig. 3. (a) Sample system output RF spectrum. A small extra-
neous spur is seen around 675 MHz. The video-averaged system
output noise floor is also shown. (b) System gain and NF metrics.
(c) Two-tone test of the photonic portion of the system (without the
pre-IM LNA) is conducted with RF inputs at ∼ 11.5 GHz.

discussed shortly) our system is not shot noise limited, so this is
not expected to significantly degrade our system performance.

After the pulse shaper, an EDFA amplifies the remaining EO
comb lines, which are then polarization-rotated to match the
polarization of the signal comb before detection on a balanced
photodetector. An LNA chain is used to resolve the system noise
floor above our ESA’s instrument noise floor, but in a real-world
application these would not be required, and the chain gain and
noise figure (NF) have been removed from the results reported
here. This subtraction may be contributing to the low-frequency
feature seen in the system output [see Fig. 3(a)], as one of our
LNAs cuts off below ∼ 50 MHz.

Our system supports input RF signals from∼ 3.6 GHz to∼ 18
GHz, limited on the low side by our optical pump notch filters
and on the high side by the bandwidth of our pre-IM LNA. We
test our system performance by using single sinusoidal tones at
various frequencies throughout the operating band. A summary
of results can be seen in Figs. 3(a) and 3(b). Figure 3(a) is
a trace taken from our ESA at 1 MHz resolution bandwidth
(RBW) with an 11.5 GHz RF tone input to the system. It is
downconverted to the expected ∼ 600 MHz, maintaining a ∼ 35
dB SNR at 1 MHz RBW (∼ 4 dB SNR integrated over the 1.21
GHz Nyquist bandwidth, of note for ADC applications) with
relatively limited RF input power around −30 dBm. A summary
of metrics across the bandwidth of our system can be seen
in Fig. 3(b). The photonic link’s gain ranges from −44 dB to
−51 dB over its operating bandwidth. The noise figure ranges
from 48 dB to 55 dB. These gain/NF values are calculated by
standard cascade analysis [20] using measured gain and specified
noise figure of the pre-IM LNA and measured gain and noise
figure of the photonic link. The loss of the photonic portion
of the system (roughly −80 dB) strongly dominates the gain
of our pre-IM LNA (Gain ∼ 33 dB, noise figure ∼ 2.4 dB),
resulting in a significant noise figure attributed predominantly
to the system loss. The aforementioned low conversion efficiency
of the microcomb is certainly a contributing factor here. The LO
comb line (measured before the final 2 × 2 coupler and BPD)
for most of the channels tested is ∼ −10 dBm with an optical
signal-to-noise ratio (OSNR) of ∼ 30 dB at 0.1 nm RBW on the
OSA. We estimate the signal comb line power before (after) the
second EDFA in the signal arm is ∼ −32 dBm (∼ −5 to −10
dBm) with a ∼ 13 dB (∼ 6 dB) OSNR at 0.1 nm RBW.

After testing with single sinusoidal tones, we perform two-
tone measurements of our pre-IM LNA and the rest of the
photonic link separately in order to identify their individual
output third-order intercept points (OIP3), a standard metric for
quantifying nonlinearity in RF systems [21]. Seen in Fig. 3(c)
is a measurement of the optical system with input tones around
11.5 GHz. The OIP3 is measured to be roughly −50.9 dBm,
determined from fixed-slope linear fits to the log-scale data as
shown. The LNA OIP3 is measured separately to be ∼18.4 dBm.
A standard cascade analysis [20] reveals a computed total sys-
tem OIP3 of ∼ −58 dBm with an 11.5 GHz input signal, again
strongly limited by the photonic portion of the system, and again
expected in a photonic system with relatively low comb pow-
ers. As a last step in analyzing the system’s RF metrics, we
use the measured noise and OIP3 seen in Fig. 3(c) to estimate
the spur-free dynamic range (SFDR) of our system. We use the
standard definition of SFDR3 = (OIP3/Nout)

2/3 [21], and observe
Nout as ∼ −170 dBm/Hz by examining the video-averaged noise
floor in Fig. 3(a), where the video averaging serves to smooth
the noise floor for easier estimation of SNR without altering the
noise level. We thereby estimate SFDR3 ≈ 74.6 dB/Hz2/3. There
are several promising options for further advancing the system
performance metrics, which will be addressed in detail shortly.

As all of the input spectrum’s δfr/2-wide Nyquist zones are
folded down into a single common δfr/2-wide band at the output,
one cannot immediately discern a signal’s originating Nyquist
zone simply by detecting it at the output. This could be overcome
by either limiting the allowed RF input frequencies (not desir-
able, as it would artificially limit the system bandwidth) or by
using many parallel photodetector + ADC pairs after the down-
converter (eg, [6]). In this work, we leverage the easy tunability
of our EO comb repetition rate to perform disambiguation [22].
As the EO comb repetition rate is shifted, the downconverted
output signal also shifts accordingly. Critically, the shift of the
output signal is proportional to the product of the EO comb
repetition rate shift and the mode number of the EO comb line
relative to the CW pump, allowing the output frequency shift to
reveal the originating Nyquist zone of the signal and thereby its
frequency. Experimentally, we perform this by simple tuning of
the RF signal generator (Agilent E8257D) with a settling time
of <10 ms. More generally, an RF voltage-controlled oscillator
(VCO) can be used for faster (potentially sub-microsecond) tun-
ability. However, the VCO’s phase noise must be considered as
it can affect the SNR performance [23]. The magnitude of this
frequency shift sets a limit on the acquisition time or frequency
resolution bandwidth when using an ADC or ESA, respectively,
and must be large enough to accommodate the input signal
bandwidth.

This technique is tested separately with signals at twelve
different input Nyquist zones—six are “low” Nyquist zones
(Nyquist bands immediately at the low-frequency side of their
respective LO line), and six are at “high” Nyquist zones (bands
at higher frequency than their LO line). Importantly, low and
high Nyquist zones are distinguished by the direction of the
output signal frequency shift when the EO comb repetition rate
is changed. This is a key benefit of our system, as this kind of
Nyquist zone distinguishing is often accomplished via coherent
detection (e.g., Ref. [24]) but here requires only a single BPD.
The results of this technique with the six high Nyquist bands are
shown in Fig. 4(a). After disambiguation, the input frequencies
are recovered; our results match the actual input frequencies
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(a) (b)

Fig. 4. (a) Demonstration of disambiguation. On the left-hand
side, six test signals are separately downconverted to the baseband
Nyquist zone. After the EO comb repetition rate is shifted by 1
MHz, the downconverted input at 5.3 GHz shifts by roughly 6 MHz
while a downconverted 7.7 GHz signal shifts by 9 MHz, and so on.
(b) Recovered signal frequency error.

(measured separately on an ESA) with only a few hundred kilo-
hertz of error, as seen in Fig. 4(b). We believe this error may be
due to minor drifting in the free-running soliton repetition rate,
but regardless is much smaller than the Nyquist bandwidth (1.21
GHz), allowing for unambiguous recovery. This disambigua-
tion could be used to recover multiple signals simultaneously
given a relatively sparse input spectrum. We further note that for
timing-sensitive applications in which this frequency instability
is unacceptable, the microcomb can be servo-stabilized.

We have demonstrated a dual comb RF photonic system for
downconversion of signals in the 3.6–18 GHz band, which
can potentially serve as a front end for low-bandwidth, high-
resolution electronics. Additional system improvements can be
achieved using a higher-gain LNA before the IM, and higher
bandwidth modulators (>40 GHz) in the EO comb. Furthermore,
beyond the obvious improvement possible in size and weight,
on-chip integration can offer additional system-level benefits.
First, advances in thin film lithium niobate modulators offer
gains in bandwidth and half-wave voltage, Vπ (e.g., Ref. [25]).
Second, system integration could significantly improve insertion
loss—in this work, we suffer >4 dB for the pulse shaper and ∼ 3
dB per modulator, but recent results have achieved ∼ 1 dB on-
chip insertion losses for integrated modulators [25], and ∼ 40
GHz modulator bandwidth could allow us to remove the pulse
shaper from our system entirely. Finally, the low conversion
efficiency of Kerr solitons is a limitation that can be improved
using “dark pulses” in the normal-dispersion regime, boasting
efficiencies one to two orders of magnitude better than shown
here [26]. This lower loss and more efficient use of power may
one day circumvent the need for EDFAs. Additionally, as the
RF gain in such links is proportional to PLO/V2

π [27], substantial
improvements in gain are expected. As a result of its poten-
tial for future on-chip deployment, reduced complexity through
use of a single BPD, and disambiguation capability, we believe
this system could be promising for applications such as mobile
signals intelligence or multi-band 5G backhaul systems [28].
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