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Wide-band millimetre-wave synthesizer 
using microresonator-soliton photomixing
 

Jizhao Zang    1,2  , Travis C. Briles1, Jesse S. Morgan    3, Andreas Beling3 & 
Scott B. Papp    1,2 

Millimetre-wave and terahertz signals enable high-performance 
applications; however, tunable integrated electronics remain limited 
beyond 100 GHz, restricting progress in wireless communication, 
high-resolution imaging, and spectroscopy. Photonic approaches 
can address this, albeit with increased size and power consumption. 
Here we describe a chip-scale, wide-band millimetre-wave frequency 
synthesizer, which uses integrated nonlinear photonics and high-speed 
photodetection to exploit the nearly limitless bandwidth of light. 
We generate dual, microresonator-soliton frequency combs whose 
interferogram is fundamentally composed of harmonic signals spanning 
the millimetre-wave and terahertz bands. By phase coherence of the dual 
comb, we precisely stabilize the interferogram to generate any output 
frequency from direct current to >1 THz. Across this range, the synthesizer 
exhibits exceptional frequency stability, characterized by an Allan deviation 
of 3 × 10−12 in 1-s measurements; and low phase noise, achieving −83 dBc 
Hz−1 at 100 kHz offset and a reference frequency of 150 GHz. We use a 
modified uni-travelling-carrier photodiode with an operating frequency 
up to 500 GHz to convert the interferogram to an electrical signal, with 
continuously tunable tones. Our work harnesses the coherence, bandwidth 
and integration of photonics to extend the accessible frequency range of 
current, advanced-node complementary metal–oxide–semiconductor 
microwave electronics to the millimetre-wave and terahertz bands.

Phase-stable frequency synthesis is a principal technology for univer-
sally important applications in communication, information process-
ing, ranging, positioning, timing and sensing1–5. Digital electronics 
enable fully phase-coherent signal generation and detection across the 
microwave band, supporting, for example, the high-speed data streams 
at the core of mobile devices with increasingly rich functionalities. How-
ever, the growing demand for information capacity in wired and wire-
less networks6 and emerging sensing approaches with high resolution7,8 
highlight the need for access to higher-frequency bands, which are 
generally more challenging to implement with digital electronics.

The millimetre-wave (mmW) and terahertz (THz) bands extend 
from 30 to 300 GHz and to tens of THz, respectively. Beyond increased 
bandwidth, resolution and speed for applications, mmW and THz 
bands offer unique opportunities to characterize materials9,10. 
Hence, there is a long history of developing mmW and THz sources, 
including free-electron vacuum devices11, solid-state diodes12,13, 
quantum cascade lasers14 and integrated electronic circuits15. By 
building on miniaturized voltage-controlled oscillators (VCOs), 
phase-locked loops (PLLs), electronic filters, frequency multipliers 
and other silicon microelectronic components, digital complementary 
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including the dual-microresonator-soliton generator, the pump laser, 
the intensity modulator that creates two pump tones with a tunable 
frequency offset Δνp = 2fIM, where fIM is the modulation frequency 
for each microcomb, and the wavelength filtering and photodetection 
system that maps each mode pair of the dual microcomb to an elec-
tronic frequency. In our experiments, we explore different versions of 
the synthesizer with partial photonic integration (Fig. 1b) and with 
discrete microcomb chips, a bench laser system and fibre-integrated 
components. The key operational principle of the synthesizer is to use 
two soliton microcombs with a repetition-frequency difference of Δνrep 
and a pump-frequency difference of 2fIM, so that commensurate mode 
pairs of the microcombs exhibit an increasing and tunable frequency 
spacing |Δνrep ± 2fIM|, |2Δνrep ± 2fIM|, |3Δνrep ± 2fIM| and so on.

Fully integrating the synthesizer is an important goal. Our advance 
of partial integration—the dual-soliton microcomb system—highlights 
the potential for combination with other technologies (Fig. 1b). We 
have developed wafer-scale fabrication of soliton microcombs by 
several iterations of fabrication and testing with the Ligentec foundry47. 
For integration of the soliton system, we use a silicon nitride (Si3N4, 
hereafter SiN) waveguide layer with bottom and top SiO2 claddings to 
implement the microcombs, which are joined to common chip-edge 
couplers with multimode interferometer (MMI) couplers. The ring 
resonance is tuned by the on-chip thermal heaters with a tuning rate 
of 0.52 nm V−1 at 1,550 nm. By optimizing the bias voltage applied to 
the heaters, we are able to align the ring resonances with the two pump 
tones, respectively.

To convert mode pairs of the dual-soliton microcomb to an 
electronic signal, we use a modified uni-travelling carrier (MUTC) 
photodiode48–50 (Fig. 1c). By optimizing the photodiode design  
(Methods), we realize a photodiode with 3-dB bandwidth of 128 GHz 
(Supplementary Section 4), responsivity of 0.11 A W−1, output power 
over −2.6 dBm at 160 GHz (ref. 49) and operational response to 500 GHz 
(ref. 50).

By tuning fIM, we synthesize mmW signals with an extremely wide 
tuning range. Figure 1d presents optical-spectrum measurements of 
the synthesizer output with varying fIM. We use two soliton micro-
combs with 1-THz and 950-GHz spacing, namely Δνrep = 50 GHz, and 
tune fIM around 25 GHz. The frequency spacing between the com-
mensurate mode pairs is an integer multiple of 50 GHz such as 
100 GHz, 150 GHz, 200 GHz and so on. The top inset is an enlarged 
view of the optical spectra, where we take the second mode pair in the 
lower-frequency side of the pump as an example. We generate mmW 
signals by separating the mode pairs with a wavelength-division mul-
tiplexer (WDM) and detecting them with the MUTC photodiode. For 
complete frequency tunability from d.c. to 300 GHz, the WDM should 
support six channels with a 3-dB bandwidth >300 GHz and a channel 
spacing of 975 GHz, which can be implemented using arrayed- 
waveguide grating structures51 or multiplexer/demultiplexer systems 
based on Mach–Zehnder interferometers (MZIs) or cascaded ring 
resonators52. In the experiment, we use a tunable optical bandpass 
filter (OBPF) for simplicity. Figure 1e,f shows the electrical spectra of 
150-GHz and 200-GHz mmW signals, respectively. At a photocurrent 
of 1.1 mA, we achieve an output power of −22 dBm for the 150-GHz 
mmW signal. We tune the mmW frequency across a range of 13 GHz 
with a step size of 1 GHz (Methods). In Fig. 1f, we observe a fast roll-off 
of power as frequency increases, which results from the increased 
insertion loss of the radio frequency (RF) components at frequencies 
beyond its nominal bandwidth. Our approach based on fIM allows 
simultaneous tuning of the spacing between each mode pair. With a 
fIM range of 12.5 GHz, our electronic synthesizer is able to seamlessly 

cover the whole mmW band and higher frequencies (Supplementary 
Section 7).

Phase stabilizing Δνrep is the essential aspect of our electronic 
synthesizer. The key advantage is that the mmW frequency noise 
depends on Δνrep rather than on the repetition rate of each soliton 

metal–oxide–semiconductor (CMOS) frequency synthesizers15–19 
define the state-of-the-art for widespread applications in the mmW 
and THz bands, including signal analysis, radar sensing and high-speed 
communications. However, the phase noise of electronic synthesizers 
is fundamentally limited by frequency division and multiplication.

Photonic techniques for mmW synthesis generally involve laser 
sources that are heterodyne-detected to generate an electronic sig-
nal. Numerous photonic technologies have been reported to imple-
ment mmW synthesizers, including frequency multiplexing with 
electro-optic (EO) modulators20, mixing two lasers locked to optical 
frequency combs21,22, and Brillouin lasers using fibre cavity or disk 
resonators23,24. Approaches that rely solely on modulators are chal-
lenging or impossible to scale to high-frequency signals owing to the 
low power of high-order modulation sidebands. Injection locking has 
been introduced to increase the power of high-order sidebands for 
mmW generation, but continuous frequency tuning requires precise 
alignment between the sidebands and laser free-running frequency 
due to the narrow locking range of distributed feedback lasers under 
weak injection25. mmW generation using fibre frequency combs pro-
vides a wide frequency-tuning range, but such systems cannot be 
integrated, and they suffer from the low efficiency of the comb source. 
Synthesizers based on Brillouin lasers offer high frequency stability, 
but their frequency tuning range is narrow. Until now, a compact fre-
quency synthesizer with tuning across the mmW and THz bands has 
not been demonstrated.

The recent development of Kerr-microresonator solitons26–31 has 
provided a promising laser source to realize chip-scale electronic fre-
quency synthesizers. Such soliton microcombs intrinsically operate 
with repetition frequencies in the microwave and mmW bands, and 
their photodetection produces a low-phase-noise electronic signal32–34. 
Building on developments in Tb/s optical data links, microcombs 
can provide high output power and high conversion efficiency35–37. 
Single microcomb schemes for electronic signal generation can offer 
high-performance spectral characteristics38–42, but the frequency tun-
ing range is narrow and the signal stability is still limited by the thermal 
noise43 without locking to optical frequency references.

Here, we introduce a wideband electronic frequency synthesizer 
based on microresonator-soliton photomixing. The synthesizer is 
a photonic-integrated circuit with parallel-operating soliton micro-
combs and singular input and output ports for the pump laser and 
the dual microcomb, respectively. By heterodyne detection of the 
two soliton microcombs, we generate a set of highly coherent photo-
current tones that continuously span the microwave, mmW and even 
THz frequency ranges, which is distinct from the optical frequency 
synthesizer operating at 194 THz (ref. 4). Intensity modulation of the 
pump laser provides a frequency bias of the dual microcomb that 
continuously and completely tunes the synthesizer output. Indeed, 
we achieve mmW synthesis at 100 GHz, 150 GHz and up to 300 GHz, 
with an absolute fractional frequency accuracy of 3 × 10−12, limited 
in our experiments by the reference clock and fibre delay noise. The 
phase noise of the synthesizer at 150 GHz is −83 dBc Hz−1 at 100-kHz 
offset, which outperforms the state-of-the-art frequency synthesiz-
ers in CMOS and SiGe BiCMOS electronics16,17,19,44–46 (Supplementary 
Section 1). Leveraging the advantages of soliton microcombs such as 
photonic integration, low noise and low power consumption, our work 
demonstrates an architecture for a chip-scale frequency synthesizer 
that generates stable electrical signals from direct current (d.c.) to 
>1,000 GHz.

Results
Principle of the wide-band mmW frequency synthesizer
Figure 1 presents an overview of the electronic synthesizer, showing 
the concept of microresonator-soliton photomixing with integrated 
photonics and the synthesizer’s exceptional frequency-tuning range. 
We highlight the key photonic elements of the synthesizer in Fig. 1a, 
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microcomb; therefore, a fully stabilized microcomb is not required. 
We leverage the common-mode pump laser and near-perfect equidis-
tance of the separate microcombs to transfer the stability of a 
low-frequency microwave clock (fclk) directly to the mmW and THz 
ranges. The synthesizer output comes directly from Δνrep and fIM.  
In particular, the spectra of the two microcombs are

νN1 = νp1 + Nνrep1 (1)

and

νN2 = νp2 + Nνrep2, (2)

where νN, νp and νrep are the comb line frequencies, the pump frequen-
cies and the repetition frequencies, respectively. The integer N is the 
comb mode index with respect to the pump, and it is negative (posi-
tive) for the comb modes at lower (higher) frequency with respect to 
the pump. Indeed, the optical heterodyne of commensurate mode 

numbers from each comb yields the fundamental output of our elec-
tronic synthesizer, namely

fN = |νN1 − νN2| = |2fIM − NΔνrep|, (3)

where 2fIM = νp1 − νp2  and fIM is derived from fclk, namely fIM = αfclk, 
where α is a frequency multiplication factor. Equation (3) indicates 
that we can finely tune fN by varying fIM and coarsely change the  
frequency band of fN by varying N, which is achieved by using a WDM 
filter or an OBPF to select different mode pairs for photodetection.

Figure 2 presents an overview of the phase-locking system and the 
fundamental phase-noise performance of the synthesizer, including 
a system diagram (Fig. 2a), an optical spectrum showing mode pairs 
for locking Δνrep (f1) as well as mmW generation at fN (Fig. 2b), and 
single-sideband (SSB) phase-noise measurements (Fig. 2c). As shown 
in Fig. 2a, the pump laser is modulated by an intensity modulator, 
generating two sidebands that serve as the pumps for two SiN micro-
resonators with a free spectral range of 950 GHz and 1 THz, respectively 
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Fig. 1 | A wide-band mmW frequency synthesizer architecture using soliton 
microcomb photomixing. a, Conceptual diagram of the chip-scale mmW 
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generator. c, Microscope image of the high-speed MUTC photodiode,  
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example, the inset shows an enlarged view of the mode pairs with ~150 GHz 
spacing. e,f, Electrical spectra of the 150 GHz (e) and 200 GHz (f) beat notes with 
a frequency tuning step size of 1 GHz.
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(Supplementary Sections 3 and 5). We initiate solitons in both micro-
resonators simultaneously by fast sweeping the pump frequency 
across each resonance43 (Methods; Supplementary Section 6). The 
two soliton microcombs are combined by a fibre coupler, followed by 
two tunable OBPFs to select different mode pairs for photodetection 
in a low-speed photodiode (PD-1) and a high-speed MUTC photodiode 
(PD-2), respectively.

To synthesize the mmW output fN, we detect and lock the micro-
comb mode pair that corresponds to f1 = 2fIM − Δνrep (2fIM > Δνrep in 
our experiment). By applying electronic feedback to the pump frequen-
cies (Methods), we lock f1 with a low-frequency reference fref that is 
synthesized to fclk, namely f1 = fref = βfclk. Then, Δνrep is expressed as

Δνrep = 2fIM − f1 = (2α − β) fclk. (4)

Substituting equation (4) into equation (3), we can derive the expres-
sion for fN as a function of fclk:

fN = |2α(1 − N) + βN| fclk, (5)

where α, β and N are integers. Equation (5) shows that fN is a 
phase-coherent multiplication of fclk. After photodetection in the 
high-speed MUTC photodiode, we achieve precise frequency syn-
thesis between a high-frequency fN and the low-frequency fclk, with 
user-defined integer ratios (α, β) and mode index (N).

Phase-noise analysis reveals that f1 noise is mainly determined 
by fref noise, the PLL noise and the pump laser frequency noise. 
Figure 2c presents a comparison of the phase noise between the case 
with free-running (solid pink trace) and locked f1 (blue trace). The 

noise floor of the phase-noise analyser is shown by the grey trace, 
with the discontinuity resulting from the use of different analysers 
below and above the 1-MHz frequency offset. For reference, we show 
the noise spectrum of fref at 100 MHz (black trace) and the predicted 
soliton microcomb thermal-noise contribution (dashed pink trace), 
respectively. Below 400-Hz frequency offset, the phase noise of f1 is 
primarily determined by that of fref; from 400 Hz to 2 MHz, it is limited 
by the PLL noise; above 2 MHz, the frequency offset is beyond the PLL 
bandwidth, and the phase noise should follow the predicted thermal 
noise43. However, the noise level does not decrease sharply as we would 
expect based on microcomb thermal noise. Instead, there is a noise 
floor of −120 dBc Hz−1 at frequency offset above 1 MHz. We attribute 
this excess noise floor to the frequency noise of the pump laser. Equa-
tions (1) and (2) suggest that the pump frequency noise is transferred 
to each comb line directly or indirectly via the dependence of repeti-
tion frequency on detuning43. The 3-dB fibre couplers before and after 
the dual rings form an MZI structure. After passing through this fibre 
MZI and photodetection in PD-1, the pump frequency noise is further 
transferred to the beat note, resulting in the phase noise floor modified 
by the MZI transfer function (Supplementary Section 9).

Characterization of the synthesized mmW signals
Next, we investigate the phase-noise performance of fN for N = 3, 4, 5, 6 
and 7. The linewidth of the comb lines is primarily determined by that 
of the pump laser, which is below 200 kHz for the tunable laser we used 
(Velocity TLB-6700). The 1/f noise from the comb line pairs is greatly 
reduced within the bandwidth of the PLL. However, the 1/f noise from the 
low-frequency reference signal will be amplified through the frequency 
multiplexing process at higher frequencies. Because fN is beyond the 
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operational bandwidth of our electrical spectrum analyser (ESA), we 
use two approaches for frequency downconversion to characterize  
fN (Fig. 3a). In the first, we use a tunable 0.8-nm OBPF to select different 
mode pairs for photodetection. The beat notes at mmW frequencies are 
derived from the high-speed photodiode (PD-2) by a waveguide probe 
at 110 GHz to 170 GHz. An even harmonic mixer (EHM) working with a 
stable 15-GHz local oscillator (LO) downconverts the high-frequency 
beat notes to intermediate frequencies at ~100 MHz. In the second, the 
frequency downconversion is realized with two cascaded EO modula-
tors5. Two comb modes are phase-modulated to generate sidebands 
that are spectrally overlapped. We use a narrow-band optical filter to 
select two sidebands that are close but derived from different comb 
lines, and detect fIF with a low-speed photodiode (PD-3). In both cases, 
we convert fN to an electrically detectable fIF with the help of the stable 
fLO, namely fIF = fN − MfLO, where M is a frequency multiplexing factor. 
Because we use a stable fLO and its noise contribution is negligible, we 
can characterize fN indirectly by measuring the low-frequency fIF. Both 
methods characterize our mmW synthesizer output fN of up to 300 GHz, 
and the results of the two approaches are in agreement.

Benefitting from the intrinsic low noise of the soliton micro-
combs, our electronic synthesizer generates mmW signals with a high 
signal-to-noise ratio. We experimentally generate up to 251-GHz mmW 
signal by photomixing mode pairs in the high-speed photodiode (Sup-
plementary Section 8). This upper frequency limit is determined by the 
bandwidth of our MUTC photodiode and the measurement capability 
of our set-up, while the lower frequency limit extends down to d.c. For 
example, we present f4 of 151 GHz in Fig. 3b, where the left and right 
panels show the electrical spectra with frequency span of 200 MHz and 
1 kHz, respectively. The signal-to-noise ratio of 151-GHz mmW signal 
is 93 dB, with a few spurs in the electrical spectrum that are induced 
by the PLL and fref.

We demonstrate the frequency stability of our electronic synthe-
sizer by its fine frequency tuning (Fig. 3c), phase noise (Fig. 3d) and 

Allan deviation (ADEV) (Fig. 3e) performance. Figure 3c depicts a linear 
frequency sweep of the mmW signal at 150 GHz (f4), which is measured 
by a frequency counter with a gate time of 1 s after frequency down-
conversion. The step size of frequency sweep is 1.8 Hz, which is limited 
by the frequency stability of the generated mmW signal. We dwell for 
200 s at each frequency to accumulate statistics on the synthesizer 
drift and fluctuation. The well-defined frequencies at such small tuning 
step, combined with the coarse tuning results in Fig. 1e, highlight the 
exceptional frequency tuning performance of our mmW synthesizer. 
Figure 3d shows the measured SSB phase noise of f4 (blue trace),  
showing a phase noise of −83 dBc Hz−1 at 100-kHz offset. According to 
equation (4) and equation (3), fIF can be expressed as fIF = f4 − 10fLO
= 6fIM − 4f1 − 10fLO. For comparison, we plot the phase noise contrib-
uted from the term 6fIM − 10fLO  (solid black trace) and the term 4f1 
(dashed black trace), which are calculated by scaling the measured 
phase noise of fIM,  fLO and  f1 by 20logM

10, where M is the corresponding 
frequency multiplication factor. Below 30-kHz frequency offset, the 
phase noise of f4 is ~20 dB higher than the predicted value, which we 
attribute to the noise induced by the 3-dB fibre coupler that combines 
the two soliton microcombs for photomixing25. Because the phase 
delay induced by the optical fibre is sensitive to ambient environmental 
factors, such as temperature and vibration, the phase difference of 
each mode pair fluctuates with time, leading to increased phase noise. 
This phase fluctuation also results as a floor in the measured ADEV 
traces53 (Fig. 3e), where the ADEV floor is indicated by the grey-shaded 
region. Here, we use the EO modulation approach to characterize the 
ADEV of fN. For comparison, the ADEV of fclk is plotted as a black trace 
in Fig. 3e. Because of the phase-coherent frequency synthesis, the 
long-term ADEV of the mmW signal inherits the reference clock’s stabil-
ity and decreases with time. Despite the ADEV floor from 0.3 s to 10 s 
measurement times, the synthesizer output achieves a frequency 
instability below 3 × 10−12 at 1 s across the 100–300 GHz range. More 
photonic integration of the MMI couplers and both soliton microcombs 
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on one chip (Fig. 1b) will eliminate this ADEV floor and further improve 
the frequency stability.

Characterization of the integrated dual-comb generator
As a major step towards on-chip system integration, we create a dual- 
microcomb generator by integrating the 950-GHz and 1-THz rings, ther-
mal heaters and MMI couplers on one chip. Figure 4a illustrates soliton 
generation with our integrated dual-microcomb, which is shown in the 
photograph of Fig. 1b. We tune the pump modes of the two resonators 
to the same frequency and use a continuous-wave laser as the pump for 
simplification. As with the bench-top system, we initiate the soliton by 
a fast pump-frequency sweep. After filtering out the pump, we monitor 
the comb power with a low-speed photodiode and an oscilloscope. The 
inset of Fig. 4a shows the oscilloscope traces as we initiate the solitons 
in a 956-GHz ring (top), a 1,005-GHz ring (middle) and both simultane-
ously (bottom). The corresponding microcomb optical spectra are 
shown in Fig. 4b, with blue and red traces representing the 1,005-GHz 
and 956-GHz soliton, respectively. For example, the comb line pairs 
corresponding to f−3 are selected by a tunable OBPF, followed by het-
erodyne detection with the high-speed MUTC photodiode. Figure 4c 
presents the beat note at 147 GHz after frequency downconversion to 
946 MHz and spectral measurement with a resolution bandwidth of 
30 kHz. After calibrating out the conversion loss of the EHM and the 
insertion loss of the waveguide probe, the RF power emitted by the 
MUTC photodiode is estimated to be −23 dBm. The successful genera-
tion of mmW signal demonstrates the potential of a fully integrated 
mmW frequency synthesizer.

Discussion
The key breakthrough of our chip-scale frequency synthesizer lies in 
its wide-band, precise and continuous frequency tuning capability 
(Supplementary Section 2), which is highly required in applications 
such as radar, imaging, high-precision spectroscopy and wireless com-
munications. For example, the resolution of frequency-modulated 
continuous-wave radars is inversely proportional to the sweep band-
width. A 300-GHz frequency sweep enables submillimetre range 
resolution, exceeding the performance of the current integrated 

frequency-modulated continuous-wave radars with a resolution of 
1.97 mm (ref. 54). As another example, high-precision spectroscopy 
has been hindered by the lack of precisely tunable signal sources. Our 
d.c.–300 GHz continuously tunable synthesizer ensures broadband 
and seamless scanning of complex or unknown spectra. The 1.8-Hz 
frequency tuning step allows us to resolve extremely narrow spectro-
scopic lines, especially in gases and low-loss materials (typically in the 
kilohertz to megahertz range). Benefitting from its wide coverage, we 
can continuously characterize material responses from the microwave 
through the THz regime using a single measurement platform. Moreo-
ver, our design enables chip-scale integration, making it an extraordi-
nary tool for future high-precision spectroscopy.

CMOS-based frequency synthesizers, which feature mature tech-
nology and low-power consumption, have superior performance at 
microwave frequencies, but their frequency tunability is limited to 
tens of gigahertz. By contrast, the proposed mmW frequency synthe-
sizer offers broadband and continuous frequency tuning range from 
d.c. to THz. In the current implementation, it needs watt-level power 
input, which is much higher than that of CMOS-based ones. Future 
development of photonic technologies, such as microresonators with 
ultrahigh quality factors55, low-bias, high-speed photodiodes56, and 
high-efficiency microcombs37, is expected to substantially reduce 
power consumption and increase the output power of the mmW signal.

In summary, we have introduced a wide-band mmW frequency 
synthesizer, based on dual microresonator-soliton photomixing. By 
pumping the two microresonators with a single intensity-modulated 
laser and locking the lowest-order mode pair of the dual microcomb, 
we generate exceptionally stable and tunable mmW signals, which 
are phase-coherently synthesized with respect to an input reference 
clock. We characterize the mmW synthesizer output over the range 
of d.c.–300 GHz and demonstrate an ADEV below 3 × 10−12 in 1-s meas-
urements, limited by the reference clock and fibre delay noise in our 
set-up. Using a high-speed MUTC photodiode, we electrically generate a 
150-GHz mmW signal with phase noise of −83 dBc Hz−1 at 100-kHz offset. 
The exceptional frequency tunability of our mmW synthesizer is high-
lighted by the coarse and fine tuning of 150 GHz mmW with a step size of 
1 GHz and 1.8 Hz, respectively. Finally, we design a partially integrated 
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version of our system and demonstrate 147-GHz mmW generation by 
photomixing mode pairs from the integrated dual-comb generator. 
Our work highlights an architecture for wide-band electronic synthesis, 
paving the way towards low-power, chip-scale mmW and THz frequency 
synthesizers with exceptional frequency stability and tunability.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
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Methods
High-speed photodiode design
The MUTC photodiode is specifically designed for high-frequency, 
high-power operation by allowing only fast electron transitions through 
the depleted region. The overall photodiode bandwidth depends on 
the transit time and RC-limited bandwidth. The former refers to the 
time delay between carrier generation in the absorption layers and 
carrier collection in the contacts, while the latter is mainly induced 
by the photodiode’s series resistance and junction capacitance. We 
use an absorption layer of 150 nm and drift layer of 350 nm to reduce 
the transit time-limited bandwidth, and the photodiode diameter is 
5 μm, reducing the junction capacitance for large RC-limited band-
width. The photodiode is flip-chip bonded to an aluminium-nitride 
submount to efficiently remove heat and simplify mmW measure-
ment with a ground–signal–ground probe. The coplanar waveguide 
on the submount is optimized to extend the overall bandwidth by 
inductive peaking.

Soliton generation and f1 locking
The comb formation process in microresonators include several comb 
states, which highly depends on the pump-resonance detuning, pump 
power and cavity dispersion. We access the stable soliton states using 
a rapid frequency sweeping technique. First we optimize the laser 
frequency and fIM to align two modulation sidebands with two micro-
resonators’ resonances. Then, the two sidebands are coupled into a dual 
parallel Mach–Zehnder modulator whose modulation signal is derived 
from a VCO. We operate the dual parallel Mach–Zehnder modulator 
at SSB suppressed-carrier modulation (SSB-SC) mode to induce a 
common pump frequency shift for both microresonators. This pump 
frequency shift is determined by the VCO and varies with the VCO’s 
bias voltage (tuning rate ~1 GHz V−1). By applying an appropriate ramp 
signal to the VCO, we are able to fast sweep (>100 GHz μs−1) the pump 
frequency and simultaneously excite solitons in both microresonators.

To lock f1, we use a voltage adder at the input of VCO. The control 
signal applied to the VCO is formed by combining two inputs: one is 
the above-mentioned ramp signal for soliton generation; another is 
the electronic feedback signal from the phase lock servo. This feedback 
signal is properly attenuated and induces a small but common change 
of the pump-cavity detuning in both microresonators. The dependence 
of soliton repetition rates on detuning is different in 950-GHz and 1-THz 
microresonators; therefore, Δνrep varies with detuning. Because 
f1 = |2fIM − Δνrep| and fIM remains fixed during the locking process, f1 

also varies with detuning and can be finely tuned by the feedback signal.

Coarse frequency tuning of the mmW synthesizer
Wide-band mmW frequency tuning is realized by fIM tuning, which 
equivalently varies the pump frequencies because the laser frequency is 
fixed. During this process, maintaining the soliton state in both micro-
resonators is challenging, as it exists only within a specific detuning 
range. Because the resonant frequency highly depends on the device 
temperature, we develop a computer-controlled lookup-table method 
to thermally tune the resonant frequency so that it can track the pump 
frequency automatically and keep the detuning in the soliton existence 
range. In Fig. 1e,f, we maintain the soliton state in both microresonators 

over the entire 13-GHz tuning range, which is limited by the operating 
bandwidth of the RF amplifier used for intensity modulation.
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