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Communication, navigation and radar systems rely on frequency-tunable
and low-noise microwave sources. Compared to electronic microwave
synthesizers, photonic systems that leverage high spectral purity lasers
and optical frequency combs can generate microwaves with exceptionally
low phase noise. However, photonic approaches lack frequency tunability
and have substantial size, weight and power requirements, which limit
wider application. Here we address these shortcomings with a hybrid
optoelectronic approach that combines simplified optical frequency
division with direct digital synthesis to produce tunable low-phase-noise
microwaves across the entire X-band (8-12 GHz). This resulted in phase
noise at 10 GHz of -156 dBc Hz ' at 10 kHz offset and fractional frequency
instability of 1 x10™at 0.1 s. Spot-tuning away from 10 GHz by +500 MHz,
+1 GHz or +2 GHz yielded phase noise at 10 kHz offset of -150, -146 and
-140 dBc Hz, respectively. Our synthesizer architecture is compatible with
integrated photonicimplementations and, thus, could be integratedina

chip-scale package.

Microwave signals with low phase and timing noise are critical for
several fields including timekeeping, navigation, communications
and radar-based sensing. The demand for improved performance
in these applications requires microwave frequency synthesis that
hasbothlow timingjitter and broad tunability. For example, micro-
wave spectroscopy (whichis critical for atomic clocks' and radio
astronomy?) requires precise and low-noise signals but minimal fre-
quency tuning, whereas communication systems often require fast
frequency hopping and, thus, low phase noise of the carrier signal
because it affects the error vector magnitude and bit error rate’™>.
Radar relies on both frequency agility and low noise®”, with low

phase noise improving the detection probability as well asimaging
accuracy and quality™.

Microwave synthesis is also used in fields such as metrology,
sensors and navigation systems, which highlights the importance
of developing robust and low-noise microwave synthesis that covers
abroad frequency range. However, there is a fundamental trade-off
between low noise and broad and fast tunability. Conventional elec-
tronic synthesizers introduce frequency tunability with multiple elec-
tronic up-converters and local oscillators, but these tuning elements
introduce noise that is multiplicative as the frequency increases. In
contrast, the best photonic-based synthesis uses frequency division
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to create microwaves with exceptional phase-noise performance but
with restricted tunability that is often in the range of 0.1%" .

In this article, we report a microwave synthesizer that combines
the low noise of photonic-based frequency division with broadband
electronic digital tuning. Our synthesizer consists of alow-noise pho-
tonic oscillator at 10 GHz generated using two-point optical frequency
division (2P-OFD)'**, This provides a fixed 10 GHz microwave signal
with phase noise of -156 dBc Hz " at 10 kHz offset and fractional fre-
quency instability of 1 1072, The low-noise signal is then used as the
reference clock for a direct digital synthesizer (DDS). The output of
the DDS is mixed with the clock itself to provide tunable low-noise
microwaves across the entire X-band (8-12 GHz).

In contrast to previous works'>?°, we incorporate simplifica-
tions to the photonic system that make it compatible with recent
advances in chip-level integration'®?"*, Using 2P-OFD results in a
lower division factor, but it enables a large reduction in the size and
power requirements compared to traditional optical frequency divi-
sion (OFD) approaches'>", Our synthesizer generates microwaves
with phase noise at 10 kHz offset of -150 dBc Hz™ in the tuning range
+500 MHz (from the 10 GHz carrier signal), 146 dBc Hz ' at +1 GHz
and -140 dBc Hz" at +2 GHz. At the same time, the DDS allows tuning
with microhertz resolution and speeds of tens of nanoseconds. We
also increase the continuous tuning range by up to a factor of 4 and
improve the phase noise by 10 dB compared with previous systems'*?°.
Our systemis also amenable to chip-scale integration'®**** to address
the demanding requirements of modern applications beyond the
laboratory environment.

Low-noise microwave generation

In our realization of 2P-OFD, the low phase noise of continuous
wave (CW) lasers is transferred to an optical frequency comb and its
microwave-rate mode spacing. This is achieved by first narrowing the
linewidth of the CW lasers through active stabilization of their frequen-
cies to a high quality (Q) factor with a Fabry-Pérot (FP) cavity®. The
FP cavity plays a crucial role in low-noise microwave generation with
2P-OFD by providing the phase and frequency reference of the generated
microwave signal. The lowest noise canbe achieved with along FP cavity
length®** or with cryogenic cooling®. However, rejection of the thermal
noise thatiscommon to separate modes of the cavity, hereafter called
common moderejection, allowed us to take advantage of miniature FP
cavitiesto reduce the systemsize®s, We employ an FP cavity that is only
6.3 mm long with ultralow-loss mirrors, yielding a cavity free-spectral
range of 23.6 GHzand Q = 5billion. The fractional frequency instability
isaslowas3 x 10 with1sof averaging®. The phase noise of the lasers
thatare stabilized to the cavity inherit the thermal-limited cavity length
stability for offset frequencies below 10 kHz.

As shown in the experimental set-up in Fig. 1, two lasers with
frequencies v;sss and vy5,5 and a frequency separation of 1.3 THz are
stabilized to different modes of the FP cavity. This gap, which is
55x the cavity free-spectral range, is then divided down with an
electro-optic (EO) frequency comb. The EO comb is generated by
phase modulating a 1,550 nm CW laser (v;s5,) with the amplified out-
put of a voltage-controlled oscillator (VCO) at modulation frequency
fn=10 GHz (ref. 39) (Extended Data Fig.1). The comb frequency spacing
(repetitionrate) is givenby f,., =fi,. The optical spectra of the comb and
the two CW lasers are shownin Fig. 2a.

2P-OFD is implemented by heterodyning the cavity-stabilized
optical references v;sss and v;5,s with the closest comb lines vys50 — 1fe,
andvyss, + mf,.,, wherenand mare positive integers. This yields two beat
NOLES fi; = Visss — Visso + Nfrep AN fi2 = Visas = Visso — Mfrep, Which are further
mixed to provide an intermediate frequency fir = fi, — fo1 = Visss — Visss —
(n+m)f,.,. The correct choice of the sumof or difference betweenf,; and
fyodepends onthe frequency positions of the CW lasers relative to the
comblines. Conveniently, f; does not depend on the centre frequency
of the EO comb, thus allowing the use of a free-running laser for v;s,.

a b
- s / \
- PDH lock Sg———— RF synthesizer
1,555 nm oc 1,545 nm
< w :- ------- ‘
0
I fua
T 3 1 T
i v
EO comb !
! Hybrid | __
' coupler |
1,550 nm : i Q|
vVCo =l Q<+
O D)3 sl g
=¥ -
! Tr 2 ' ;
¥ ! v 2. \_ 8-12GHzoutput )
' z )
: — Sie
L MUTC @-’\M/‘v/\/\v -------- I /‘/\/‘
*-‘r : ~ 1/'/14/‘

1 >
: ; ¢ 8 Frequency I
i v b1 b2 g
! 10 GHz UIW
------ locking sllr7v,
Time

Fig.1| Experimental set-up. a, Two CW fibre lasers operating at 1,545 nm and
1,555 nm are locked to amillimetre-scale FP cavity with the Pound-Drever-Hall
technique. The comb is generated by modulating the light froma1,550 nm CW
laser at 10 GHz. The EO comb is split in a wavelength-division multiplexer to
provide the beat notes (f,,, and f;,,) with the reference lasers. Part of the EO comb
is detected in a modified uni-travelling carrier detector to provide alow-noise
microwave at f,.,.. The beat frequencies between the CW lasers and the EO comb
are mixed together to provide the error signal, which is conditioned with a

loop filter and used to stabilize the VCO and the EO comb mode spacing.b, The
stabilized 10 GHz is frequency-divided by two and serves as the clock signal
foraDDS. The DDS outputis splitin the hybrid coupler to provide two signals
with 90° relative phase shift. These signals are mixed with the original 10 GHz
inan1Q mixer for single-sideband generation. By tuning the DDS frequency,
the synthesizer output covers the entire X-band (8-12 GHz). ¢, Illustration of
applications that rely on low-noise frequency sweeping, such as radar and
navigation systems. LF, loop filter; MUTC, modified uni-travelling carrier;

PDH, Pound-Drever-Hall; WDM, wavelength-division multiplexer; PM, phase
modulator; LO, local oscillator.

To complete the comb stabilization, the intermediate frequency is
compared to a reference oscillator f,..to generate an error signal that
is conditioned and fed to the 10 GHz VCO.

Oncetheservoloopis closed, the frequency f,., is given by:

_ (Vys45 — Vis55) +fie
Jrep = (n+m) ) @

The denominator (n + m) is the number of comb modes between the
CW asers andis responsible for the frequency division and correspond-
ing noise reduction dueto OFD. Interms of the power spectral density
of the phase noise, this reduction is equal to 20log
[(Visas — Visss)/frep] = 2010g[1.3 THZ/10 GHz] = 42 dB. This division
reduces the noise contributions of the relative stability of the reference
lasers, (Visys = Visss), and fig.

As both lasers are locked to the same cavity, a substantial part
of their noise is highly correlated. This improves the relative phase
noise by up to 40 dB due to the common mode rejection of the cavity
noise**™*2, The relative phase noiseis, thus, reduced to below the ther-
mal noise of the cavity to the limitimposed by the residual noise of the
individuallaser locking circuits. Thus, with the exception ofimproved
long-term stability, there s little advantage to using alarger FP cavity
with lower thermal noise. Besides, smaller FP cavities are typically less
sensitive to acoustic noise**,
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The output of the servo-controlled VCO provides direct access to
the 10 GHz signal. In principle, this signal could be at the power level
of several watts if taken at the termination port of one of the modula-
tors (Methods and Extended Data Fig. 1). As we used three pairs of
radio-frequency (RF) amplifiers and EO modulators in parallel, the
control feedbackloop for comb stabilization accounts for all additive
noise of the RF amplifiers. However, the 10 GHz signal taken after just
one of the amplifiers would not have the servo-suppressed noise of the
other RFamplifiers. That would limit the achievable noise to be greater
than that of the reference lasers (v;s45 = Vys55) (Methods and Extended
DataFig.2). Instead, to suppress the noise of all the RF amplifiers and
obtainthelowest-noise 10 GHz signal, we photodetect the output of the
EO comb witha high-power and high-linearity modified uni-travelling
carrier photodiode®**, Fibre dispersion and optical filtering of the
spectrumin the wavelength-division multiplexor transform the phase
modulation that creates the EO comb into an amplitude-modulated
signal that can be photodetected with sufficient signal-to-noise ratio.

AsshowninFig.2b, inthis configuration we achieve phase noise of
-156 dBc Hzat 10 kHz offset frequency. At higher offset frequencies,
the microwave performanceislimited by the phase locking of f;; (grey
curve in Fig. 2b). Reducing the noise in this frequency range would
require broader bandwidth servo control of fi.. At offset frequencies
below 100 kHz, the phase noise is limited by the relative stability of the
CWlasers, asshownby thered curvein Fig. 2b (Methods and Extended
Data Fig. 3). Further improvement of the relative phase noise of the
reference CW lasers, and the resulting 10 GHz, could be achieved by
using optimized servo controls to further reduce the residual noise
of the Pound-Drever-Hall locking.

We also characterize the time-domain stability of the 10 GHz
microwave signal (Fig. 2c). We measure the minimum in the fractional
frequency instability of 1 x 107 for an integration time of 0.1 s. At
longer averaging times, the instability increases due to the drift of the
FP cavity. This drift is mirrored by the drift of a single CW laser as well
as therelative instability of the two CW lasers. However, note that the
frequency instability between the two CW lasers is higher than the
stability of each of the reference CW lasers. We attribute that to the
measurement set-up (Methods and Extended Data Fig. 1), which is
susceptible to environmental vibrations. All the curves in Fig. 2c are
above the previously measured instability limit of the cavity, which is
atthelevel of 2-3 x 10 (ref. 38).

Asindicatedinequation (1) and surrounding text, f,., can be tuned
with fir, whichassumes amaximum value of f,., through coarse stepwise
tuning of the VCO. Nonetheless, when divided by (n + m) =130, the
tunability isreduced to asmall fraction of f,,.. This limitationis acom-
mondrawbackin all OFD systems, but in what follows we show how the
tuning range can be substantially increased.

Broad bandwidth tunability with low phase noise
Broad bandwidth tunability of the low-noise 10 GHz microwave is
achieved by mixing this signal with the output of a DDS. With refer-
enceto Fig. 1b, the low-noise microwave at 10 GHzis frequency-divided
by 2 and serves as a reference (clock) for the DDS. The DDS output is
thenaddedto (or subtracted from) the original 10 GHz reference using
an 1Q mixer. As the DDS initially creates the output waveform only at
discrete timeintervals, its generated output frequency cannot exceed
the Nyquist-Shannon sampling theorem limit. For the DDS employed
here, the maximum output frequency is 2 GHz, which was -40% of the
referenceinputf,/2.

Thebasicarchitecture of the DDSisshowninFig.3a. Ateach clock
cycle, the phase accumulator calculates a new phase value by taking
intoaccountboththeclocksignal frequency f.,.xandauser-provided
tuning word. It then performs alookup operation to translate this phase
information into a digital amplitude that is transformed into an ana-
logue voltage by a digital-to-analogue converter (DAC)*. The two main
contributions to the phase noise of the DDS output at f, are: (1) the
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Fig.2|EO comb performance. a, Optical spectra of the EO comb and reference
CW lasers. b, Phase noise of the free-running VCO (green), photodetected
stabilized 10 GHz (blue), in-loop phase noise of the intermediate frequency
locking (light grey) and the relative phase noise of the reference CW lasers

(V145 — Visss) Spaced by 1.3 THz. This noise is measured independently and
decreased by the OFD value of 42 dB (red). ¢, Fractional frequency instability of
the stabilized 10 GHz (blue), relative stability of reference CW lasers (V;5,5 = Viss5)
spaced by 1.3 THz (red), the optical stability of the reference laser (yellow) and the
calculated thermal noise limit of the cavity (dashed black).

input clock noise, whichisreduced by theratio (fdock/fgut)zand (2) the
intrinsic noise originating within the DDS itself, which arises from
flicker noise, quantization noise, truncation noise and nonlinearity in
the DACY.

Figure 3b shows sample phase noise when the DDS is clocked by the
low-noise 5 GHz and its output s set at frequencies between 100 MHz
and 2 GHz. For the 100 MHz output, the output noise is limited by the
DDS intrinsic noise, reaching-152 dBc Hz ' at 10 kHz offset frequency.
Asthe DDS frequency increases, the noise of the clock signal started to
dominate at offset frequencies above 100 kHz.

The DDS output is summed or differenced with the original 10 GHz
microwave in an IQ mixer. The low-noise 10 GHz at f,, is amplified to
saturate the mixer, whereas the DDS outputis splitin ahybrid coupler
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Fig.3|Synthesizer performance. a, DDS architecture. b, SSB phase noise of DDS
outputin the range from100 MHz to 2 GHz, when the stabilized 10 GHz serves
as an external clock. ¢, RF spectra of the synthesized frequencies. The spectrum

with the lower synthesized frequencies is exactly symmetric to the presented
one.d, SSB phase noise of the synthesized frequencies from 8 to 12 GHz. Inset,
phase noise at 10 kHz offset against the synthesized frequency.

to provide a 90° phase shift between the I and Q ports of the mixer.
The phase shift of 90° is necessary to achieve single-sideband (SSB)
operationwith highimage rejection. Outputin the range 8-10 GHz or
10-12 GHzis determined by the relative sign of the phase shift between
theland Qports.

Power spectra of synthesized frequencies in the 10-12 GHz band
areshowninFig.3c. Therejection of the synthesized frequencies rela-
tive to the original 10 GHz carrier ismore than 16 dB across all tuning
frequencies. This rejection can be increased by using a higher power
todrivetheland Qinputs of the mixer.Image rejection exceeded 21 dB
acrossall generated frequencies. This rejection can be improved with
more precise amplitude balance and phase control between the l and
Q ports. Alternatively, one could use two DDSs, clocked by the same
microwave input, with precise digital tuning of the amplitude and
respective phases adjusted to 90°.

Figure 3d shows our measurements of the phase noise of the syn-
thesized frequencies at discrete values across the entire X-band. At
offsets above 80 kHz, the phase noise is limited by the noise of the
10 GHzssignalitself, whereas at lower offset frequencies, the noise from
the DDS dominates, which correlates well with the phase-noise meas-
urements of the DDS. The noise on the synthesized frequenciesin the
range 9.5t010.5 GHz falls below -150 dBc Hz* at 10 kHz offset, whereas
the phase noise increases to near -140 dBc Hz ' at 8 and 12 GHz. Note,
that the downscaled clock noise does not affect the synthesizer output
noise, as the noise of the original 10 GHz is higher than its downscaled
replica. However, the flicker noise in the analogue circuitry, along with
quantization noise and DAC nonlinearity of the DDS, limit the reduc-
tion of clock noise.

Thisincrease versus carrier frequency (f;) issummarized in the inset
inFig.3d. The phase-noise contribution of the DDS to the entire synthe-
sizer can be categorized into two regions. In the range 9.5t010.5 GHz,

the phase noise does not depend on the carrier frequency. However, at
carrier frequencies offset by more than 500 MHz from 10 GHz, the phase
noise increases approximately as 20 log(N), where N is the frequency
multiplication factor. Considering the noise sources described earlier,
we assume that the dominant noise source at carrier frequencies closer
to 10 GHz is quantization noise in the digital-to-analogue conversion.
This noiseresults fromthe quantized number of DAC bits and the symbol
rate of the DAC, which exhibits white noise power spectral density inde-
pendent of the generated output frequency. Meanwhile, the noise origi-
nating within the final output stage of the DAC s likely the limitation at
higher synthesized frequencies. This noise arises from both the DAC
switching mechanism and the flicker noise of the output stages. The
flicker noise from the analogue output stages exhibits al/fcharacteristic
and scales with the generated output frequency. The switching noise
occurrswhenthe digital circuitry within the DAC changes state, leading
to additional noise and spurs, particularly at high clock and output
frequencies. Note that, asthe noiseis primarily limited by the DDS, there
is no need for a reference microwave source with noise lower than the
internal noise of the DDS, making 2P-OFD anideal technique for sucha
synthesis approach.

An advantage of our approach is its versatility, which allows it to
overcome the limited tunability of photonic-based microwave genera-
tors. We expect that similar phase-noise performance can be readily
achievedin other microwave bands. Forexample, by using the 20 GHz
harmonic from the photodetected EO comb, it is possible to partially
cover the K-band while maintaining low noise, like what is depicted in
Fig. 3d. The tuning resolution of the DDS is in the microhertz range,
and it can be controlled at speeds of tens of nanoseconds?. Compared
to previous works on tunable microwave generation with afrequency
comb™?°, we demonstrate a fourfold improvement in the tunability
with up to 10 dB improvement in phase noise. Moreover, by using
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a bipolar complementary metal-oxide-semiconductor (Bi-CMOS)
process that combines low-noise heterojunction bipolar transis-
tors and high-speed CMOS transistors for digital operations, a fully
on-chip optically drivenelectronic synthesizer is feasible. This method
should achieve phase-noise performance comparable to the current
design, while substantially reducing both the physical size and power
consumption.

Conclusions

We have described a tunable low-noise microwave synthesizer using
2P-OFD in combination with DDS. Using 2P-OFD, we generate 10 GHz
microwave signals with low noise on short or long timescales with a
frequency instability of 1x 10™at 0.1 sand phase noise of -156 dBc Hz™!
at 10 kHz offset. With recent progress in hybrid and heterogeneous
chip-scale integration of the photonic components, including the
lasers***, comb generators®*~°, miniature reference cavities® and
photodetectors®, it is now possible to achieve 2P-OFD using only com-
ponents amenable to on-chip integration and, thus, to realize a com-
plete microwave synthesizer on a chip''®?"***, We show that 2P-OFD
canbe used to generate signals with broad frequency tunability while
maintaining low phase noise. This is achieved by using the stabilized
10 GHzsignal asthe clock of aDDS. For synthesized frequenciesin the
range 8 to 12 GHz, the system exhibits phase noise of -140 dBc Hz at
10 kHz offset, whereas in the range 9.5-10.5 GHz, the phase noise is
below-150 dBc Hz™. Although other systems have demonstrated lower
phase noise'*”, they are not frequency tunable and require hardware
that cannotbe integrated on chip. When compared to existing 2P-OFD
(atafixed10 GHz frequency), we achieved phase noise on par with the
best discrete-component systems?*, but also achieve full 8-12 GHz
tunability and low oscillator instability. The performance of our syn-
thesizer could be further improved by optimizing the system with a
lower-noise DDS and lasers, larger OFD factors, and improved servo
systems. Additionally, by using lower-noise RF amplifiers, it is possible
to access low-noise microwaves with power above +30 dBm (Methods).
Theseinsights provide aroute for low size, weight and power photonic
microwave generation with low-noise and broad tunability, as will be
important for multiple applications in navigation, communications
and sensing.

Methods

High-power output

Toaccessthe high-power 10 GHz, we used one of the termination ports
of the EO modulators, as shown in Extended Data Fig. 1. Each termi-
nation port provided a 10 GHz signal with power of more than1W.
The phase noise of the high-power 10 GHz is shown in Extended Data
Fig. 2. The phase noise reached -149 dBc Hz" at 10 kHz offset, limited
by the noise from other amplifiers, as discussed in the main text. Thus,
by using a lower-noise RF amplifier, it would be possible to generate
low-noise 10 GHz with power above 1 W and performance matching
that presented in the main text.

Measurement of the relative stability of the reference lasers

Extended Data Fig. 3 illustrates the experimental set-up used to
measure the relative stability of the reference lasers. The approach
is like 2P-OFD, where the reference lasers beat with a frequency comb
to generate f;.. However, to measure the relative phase noise of the
lasers, an independent fully stabilized frequency comb was used as
areference. First, the two reference lasers were optically combined
using a 2 x 2 optical coupler. The coupler outputs were then sepa-
rately combined with two different fully stabilized reference optical
frequency combs. By using two reference frequency combs, we were
able to cross-correlate the phase noise, thus eliminating the noise of
the frequency combs and photodetector noise. Both combs and the
lasers were spectrally divided in wavelength-division multiplexors and
photodetected to provide two beat notes for each comb. These beat

notes were filtered, amplified and mixed to provide two f;; values for
each comb. Bothf;; values were mixed down to the same frequency to
performthe cross-correlation withacommercial phase noise analyser.

Data availability
All data for the figures in this manuscript are available via Figshare at
https://doi.org/10.6084/m9.figshare.27000427.v1 (ref. 48).
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Extended Data Fig. 1| A detailed schematic of the experimental setup. Instead of external 50 Ohm terminators, the RF signal at the EOM output can be used asa

high-power output.
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