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Dual frequency combs are emerging as new tools for
spectroscopy and signal processing. The relative phase
noise of the tone pairs determines the performance (e.g.
signal to noise ratio) of the detected spectral compo-
nents. Although previous research has shown that the
signal quality generally degrades with the increase of
frequency difference between tone pairs, the scaling of
the relative phase noise of dual frequency comb sys-
tems has not been fully characterized. In this paper, we
model and characterize the phase noise of a coherent
electro-optic dual frequency comb system. Our results
show that at high offset frequencies, the phase noise is
an incoherent sum of the timing phase noise of the two
combs, multiplied by line number. At low offset fre-
quencies, however, the phase noise scales more slowly
due to the coherence of the common frequency refer-
ence. © 2021 Optical Society of America
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Dual optical frequency combs have emerged as a useful
tool in spectroscopy, where the beating between two frequency
combs of different repetition rates can downcovert the broad-
band optical response of a sample to narrowband radio fre-
quency (RF) signals for ease of processing and analysis [1].
In addition, many have explored adapting the dual frequency
comb technique for the signal processing of broadband RF sig-
nals [2-4], which is a perennial challenge in wireless and optical
communications, radar systems and defense technologies.

In RF signal processing, the dual frequency comb technique
effectively acts as a channelizer, spectrally slicing a broadband
signal into many narrow band signals that can be processed by a
bank of low speed receivers. This channelization allows for high
frequency signals to be processed in parallel by multiple low
speed receivers, reducing the bandwidth requirements of the
receiver sub-components such as filters, analog to digital con-
verters, and digital signal processors. The reduced bandwidth
requirement also allows for signal detection and digitization
with higher signal to noise ratio (e.g. higher photodiode respon-
sivity), increasing the accuracy of full signal detection. Dual
frequency combs have been utilized in this way for photonic
assisted analog to digital conversion [5-7], OFDM reception [8],
sub-noise compressive signal detection [9, 10], and wideband
disambiguation of sparse signals [11].

In contrast to spectroscopy applications, where the frequency

comb sources are typically low repetition rate mode locked
lasers, RF signal processors require large (i.e. >10 GHz) comb
spacing. Potential comb sources for such applications in-
clude electro-optic (modulator based) combs [12], integrated
mode locked lasers [13], parametric combs [14] and micro res-
onators [15]. Electro optic combs offer flexibility of tuning the
frequency spacing, high optical power per comb line and can op-
erate over a wide temperature range (e.g. 0-60 °C). Although the
tone spacing is conventionally limited to < 50 GHz due to the
modulator bandwidth, the availability of high bandwidth and
low V; phase and intensity modulator on the thin-film LiNbO3
platform could potentially offer >100 GHz tone spacing [16, 17].
Furthermore, expanding the bandwidth of electro-optic combs
can be acheived through parametric mixing [18].

When designing any RF signal processor, understanding and
minimizing the additive noise of the processor is critical to pre-
serving signal fidelity. At high frequencies, the phase noise (or
timing jitter) is particularly important since any timing error
will induce noise whose power grows quadratically with fre-
quency. Although the phase noise of electro-optic frequency
comb sources is well understood, there is to our knowledge no
experimental reports of how this phase noise manifests itself in
a dual frequency comb system.

In this paper, we characterize the phase noise of a dual fre-
quency comb system based on electro optic modulator combs
synthesized from a common reference. We show that the phase
noise power spectrum primarily follows the uncorrelated sum
of the RF driving signals, scaled by the square of the comb line
number. However, at low offset frequencies, the phase noise
scales differently due to correlation between the two frequency
combs. In this regime the phase noise follows the reference
oscillator phase noise, scaled to the offset frequency between
the two combs. Our results highlight that effective design of
the RF synthesizers is critical to minimizing the additive phase
noise of the dual frequency comb signal processor. In particular,
ensuring a high degree of phase noise correlation between the
combs (e.g. through a large loop bandwidth phase locked loop)
must be balanced with maintaining low absolute phase noise on
the individual combs.

As shown in Fig. 1(a), dual frequency combs exploit the
Vernier effect in the frequency domain, using two frequency
combs of line spacing f;, and fi o = fsig + Af. In spectroscopy
(Fig. 1(b)), the signal comb is passed through the sample of
interest and mixed with the local oscillator (LO) comb on a sin-
gle photodiode to retrieve the absorption spectrum as a down-
coverted RF signal. This concept has been adapted for RF signal
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Fig. 1. (a) The Vernier effect in the frequency domain between
two combs of spacing f;;; and f1 0 is the key concept in dual
comb techniques. This has been applied in (b) spectroscopy and
(c) RF signal processing.
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processing (Fig. 1(c)) where the signal comb of spacing f;;, is
modulated by an input RF signal of maximum frequency f;, /2
such that the input signal is copied onto every comb line. Follow-
ing this, comb lines from both combs are separated by arrayed
waveguide gratings (AWGs) or other means and fed to a bank
of optical coherent receivers. The n-th comb line of the local
oscillator (LO) comb therefore acts as a local oscillator to the
n-th comb line of the signal comb, offset from the baseband by
nAf. Each channel is then filtered by a low pass filter of band-
width Af /2, effectively channelizing the broadband input signal
into N channels of Af bandwidth. Application specific digiti-
zation and analog/digital signal processing can then follow, all
operating at a fraction fs;, /N of the original input bandwidth.
As discussed in our theoretical analysis in [19], three main
stochastic noise sources can degrade the input signal fidelity
during this channelization process: laser noise (including any
optical amplifiers), noise added during the comb generation
process, and photodiode noise. In this paper, we focus on the
impact of phase noise, which consists of both the laser phase
noise ¢y () and the phase noise added during the comb genera-
tion @s;e(t) and ¢ro(t). For electro-optic frequency combs the
phase noise on the n-th comb line of the signal and LO comb is
given by
‘Psig,total (t) = (PO(t) + mpsig(t) (1)

PLO total () = ¢Po(t) +ngro(t) )

respectively [20-22]. The laser phase noise ¢y(t) will be can-
celed at the coherent receiver assuming that optical path length
difference between the two combs is significantly shorter than
the coherence length of the seed laser. This is trivial to achieve
on an integrated platform or with a low linewidth laser, or both.
Thus the phase noise (or timing error) imparted on each
channel will be determined purely by the relative timing error
between the two frequency combs. If the individual timing
errors ¢g;q (t) and ¢y o(t) are completely uncorrelated, then the
power of the phase noise added on the n-th channel is a simple
incoherent sum of the two phase noises

Sun(w) = 1?|¢sig (@) > + 1| pro(w) > ®)

In electro-optic combs however, when the driving signals are
referenced to a common reference, the timing errors are not
completely independent. The phase noise of this common ref-
erence will be scaled up within the phase lock loop (PLL) and
contributes to the overall phase noise of the PLL output signal.

At low offset frequencies, the reference phase noise will dom-
inate the overall phase noise of the PLL. At higher offset frequen-
cies, the phase frequency detector (PFD) and charge pump will
tend to contribute the majority of phase noise within the loop
bandwidth, with the voltage controlled oscillator (VCO) noise
dominating outside the loop bandwidth. For the purposes of
this paper, it is useful therefore to separate the common, corre-
lated sources of phase noise (i.e. the reference oscillator) from
the separate, uncorrelated sources (PFD, charge pump, VCO)

‘Psig(w) = ksig(wM’c (w) + 4’11,sig(w) @

¢ro(w) = kro(w)¢c(w) + ¢y, L0(w) 5

where ko (w) and krpo(w) are functions describing the map-
ping of the reference phase noise to the output of the PLL [23].
For example, for a perfect frequency doubler this would simply
be k = 2. In a PLL, however, this will typically be a complex fre-
quency dependent function describing the phase and amplitude
transforms applied by the loop filter, as well as any other mis-
matches between the two synthesisers. This description leads to
a total relative phase noise power in the n-th channel of

Sag, (@) = 12 [kio(w) — Kiig () Plge(w) P+
[9010(@) 2+ Igusig (@) ] ©

What (6) shows is that the total additive phase noise of the
dual comb system is not only dependent on the absolute phase
noise of each frequency comb, but also the level of correlated
and uncorrelated phase noise between each comb and their
relationship described by k; o (w) — kg (w). This is discussed in
more detail in [19].

To measure the phase noise of an electo-optic dual comb
system, we devised the experimental setup shown in Fig. 2.
A low linewidth (5 kHz) fiber laser at 1555 nm followed by a
booster erbium doped fiber amplifer (EDFA) is used to seed
two electro-optic frequency comb generators based on cascaded
intensity and phase modulators [24]. The comb driving signals
were generated from a 100 MHz crystal oscillator reference by
two fractional-N PLL based synthesizers (Texas Instruments
LMX2595) with an approximate loop bandwidth of 285 kHz
and doubled to create two driving signals of frequency 25 GHz
and 26 GHz for the signal and LO comb respectively. These
driving signals are amplified such that each comb generates
approximately 25 comb lines each within 3 dB power variation.

The comb outputs are then mixed in a 50/50 coupler with
the coupler outputs being used as the inputs to a 50 () loaded
42 GHz optical balanced detector (u2t BPDV2050R). Before being
fed to the balanced detector, each branch is filtered by an optical
bandpeass filter in order to select the n-th comb line, such that a
nAf beating signal is observed at the balanced detector output.
The phase noise of this beating signal can then be measured by
a phase noise analyser (Rohde and Schwarz FSVA3030), with
the phase noise averaged over multiple measurements. All opti-
cal devices are fiber coupled to polarization maintaining fiber
and the power into the photodiode remains constant between
measurements. For comparison, we also measured the phase
noise of each PLL, |1 o|? and |psig |?, and estimated the expected
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Fig. 2. Experimental setup. IM, intensity modulator; PM, phase modulator; OBPF, optical bandpass filter; PD, photodiode; PS, phase
shifter; PID, proportional integral derivative; PFD, phase frequency detector; CP, charge pump; LF, loop filter; VCO, voltage controlled

oscillator.

phase noise resulting from a coherent and incoherent sum of
their phase noise.

One practical issue with the experimental setup is that the
configuration of the two frequency combs essentially acts as a
fiber Mach-Zehnder interferometer. Thus, any time dependent
vibration and temperature induced phase fluctuations between
the two branches will induce slow phase drift that increases the
low frequency phase noise measured at the balanced receiver. To
mitigate this, we use a slow feedback control loop to compensate
for the vibration and thermal induced phase variations. As
shown in Fig. 2, a tap coupler is used to tap off 1% of the light
in one of the branches after the 50/50 coupler and filtered using
an optical bandpass filter such that only the central comb lines
are incident on a photodiode. This beating signal between the
center tones of the two combs is used as the error signal for a
digital proportional integral derivative (PID) controller that is
used to stabilize the optical path length variation between the
two combs by driving a piezo electric fiber phase shifter.

The PID feedback loop operates at 2 kHz bandwidth and
so is able to effectively suppress any sub-kHz temperature and
vibration induced optical path length fluctuations between the
two branches. It is important to note that this feedback loop is
unable to correct for any relative phase noise induced by the
frequency combs themselves, since the central tone of the combs
does not carry any phase noise from the driving signals (i.e. n =
0in (1)/(2)). The feedback loop therefore only corrects for phase
noise induced by the optical path length variation, and allows
for accurate measurement of the relative phase noise between
the two combs without artificially suppressing the phase noise
in the sub-kHz offset frequency region.

In Fig. 3, we use the phase noise measurement of the 10 GHz
beat note (1 = 10 channel) as an example to explain the compo-
sition of phase noise of the dual comb system. The measured
single side band phase noise is shown as the purple curve, along
with the estimated coherent (12|¢ o — Psig |2, green curve) and
incoherent (n%|¢;o|? + n? \¢5ig|2, orange curve) sum of the two
driving signals’ phase noise. In addition, the 1/ f3 estimate for
the reference phase noise contribution is plotted twice: based
on whether the reference phase noise is correlated (green dot-
ted line) or uncorrelated (pink dashed line) between the two
comb driving signals. This estimate is derived from a direct
measurement of the reference oscillator phase noise.

For frequencies >2 kHz, the phase noise closely follows the
incoherent sum of the driving signals phase noise, with the ob-
served phase noise being a result of the incoherent summation
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Fig. 3. Measured single side band phase noise of the 10 GHz
beat note, whose total integrated jitter is 3.03 ps. Plotted for
comparison are the coherent (n%|¢ro — Psig ?) and incoherent

(n?|prol* + n? |psig ) summations of the PLL synthesisers
phase noise, along with the integrated jitter above (1.16 ps) and
below (2.80 ps) 2 kHz offset. The grey shaded region indicates
the phase noise analyser phase noise at 10 GHz.

of the PLL and VCO phase noise (n?|¢;o|? + n? |psig ). The inte-
grated jitter in this section is 2.80 ps. In the low frequency region
<2 kHz, however, the main phase noise contribution on each
comb is the reference oscillator, which is correlated between the
two combs. The phase noise power therefore drops below that
predicted by an incoherent summation of the two synthesizers’
phase noise, and begins to track the coherent summation of ref-
erence phase noise (1n%|¢ro — Psig ?) at approximately <100Hz.
In this section the integrated jitter is 1.16 ps, leading to an overall
integrated jitter of 3.03 ps from 10 Hz to 1 GHz, or 0.19 rad at
10 GHz. The exact frequencies of these crossover points will
be dependent on the specific reference oscillator used and PLL
configuration. Note that the spurs plotted are specific to this
system due to the cross talk on the printed circuit board of the
PLL synthesizer, and can be eliminated through more careful
design of the synthesizer. We suspect that some of these spurs
are amplitude noise spurs (e.g. spurs at ~ 400 kHz) that are
suppressed during the nonlinear comb generation process, evi-
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Fig. 4. Measured single side band phase noise of for various
comb line numbers, with integrated phase noise from 10 Hz
to 1 GHz shown in the legend. The measured phase noise has
been smoothed with spurs removed for clarity.

denced by the fact that they do not appear in the measured comb
phase noise. However, they appear in the coherent/incoherent
estimates due to the limitations of our phase noise analyzer in
suppressing amplitude noise during direct measurement of the
synthesizers’ phase noise.

To show the scaling of phase noise with regard to the beat
frequencies, we plot the phase noise for various channel num-
bers in Fig. 4, i.e. the beating between the n-th comb line of each
comb, generating a tone of frequency nAf. This shows that the
relationship shown in Fig. 3 holds for any channel number. As
expected, the total phase noise power increases as n2. At low
channel numbers (specifically n = 1,2 in Fig. 4), we observed
some increase in phase noise in the 2 kHz to 10 kHz region.
This is likely the aforementioned vibrations picked up by the
experimental setup that were unable to be compensated by the
2-kHz feedback loop, since it does not scale with channel num-
ber. This could be reduced by employing a faster feedback loop
or photonic integration of the dual comb system. Furthermore,
the n = 1,2 channels also reach the photodiode thermal noise
floor of our setup at frequencies > 10 MHz.

The results in Fig. 3 and Fig. 4 confirm the description in (6).
Furthermore, since in this case the reference noise contribution
is negligible above approximately 2 kHz we can write

2
k(@) — kig(@) Plge ()2 ~ (f’;) Prr(@) @

where [¢y,f(w) |? is the phase noise power of the reference at
frequency f,,r. This approximation holds for electro-optic dual
combs synthesized from a common reference, but may not hold
if the reference contributes substantial phase noise at higher
offset frequencies, or is not coherent between the two combs.
We have characterized the phase noise measurements of a
dual frequency comb system based on electro-optic frequency
combs synthesized from a common reference. We show that the
phase noise power in the n-th broadly follows the incoherent
summation of the two comb driving signals scaled by n%. At low
offset frequencies however, phase noise correlations between
the common reference oscillators results in a coherent sum of
the phase noise on each frequency comb and subsequent re-
duction in the phase noise power. These results can be applied

to estimate the overall performance of a given channelizer, as
discussed in [19].
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