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We demonstrate ultra-broadband optoelectronic mixing of
frequency combs that provides phase-coherent detection of
a repetition frequency up to 500 GHz, using a high-speed
modified uni-traveling carrier (MUTC) photodiode. Non-
linear photo-electron effects in the photodiode itself enable
harmonic generation and down-mixing process of combs
with widely different repetition frequencies. Specifically, we
generate two 25 GHz frequency combs and use an optical
filter to explore coherent down-mixing to the baseband of
comb spectral components across microwave, millimeter-
wave, and terahertz (THz) frequencies. The exceptional
noise performance of the optoelectronic mixer enables the
phase-coherent measurement of millimeter-wave and THz
frequency combs with an Allan deviation of 10−13/τ for a
measurement time of τ. We further investigate the depen-
dence of conversion loss on the reverse bias voltage and
photocurrent. The experimental results indicate that we can
minimize the conversion loss by operating the photodiode
at an optimal voltage and maximum available photocur-
rent. Our work provides a solution for millimeter-wave
and THz frequency-comb measurements and facilitates fully
stabilized frequency combs with microresonators. © 2025
Optica Publishing Group. All rights, including for text and data mining
(TDM), Artificial Intelligence (AI) training, and similar technologies,
are reserved.
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Photonic integration of optical-frequency synthesizers [1] and
optical-clock dividers [2], which generate laser sources with
an optical frequency programmed from a microwave frequency
reference and generate microwave (MW) signals from an
optical clock, respectively, have the potential to revolution-
ize a wide range of applications from signal generation to
information processing. The synthesis of optical frequencies
relies on an optical-frequency comb, which consists of equally
spaced modes at frequencies νn = fceo + n × frep, where fceo is
the carrier–envelope offset frequency, n is the mode number,
and frep is the repetition rate. Recently, this field has been
further advanced by the introduction and use of microresonator-
based optical-frequency combs (microcombs) [3]. Featuring
compact size, flexible dispersion engineering, and low power

consumption, microresonator combs offer the opportunity to
realize a single-chip solution for optical-frequency metrology.

Optical-frequency synthesis and optical-clock division
require fully stabilized octave-spanning microcombs [2,4]. But
to date, most examples of octave span microcombs operate
with high-repetition frequency in the THz range of about
100 GHz–1000 GHz, which is challenging to phase-coherently
measure with respect to a microwave frequency reference. High-
repetition-frequency microcombs are preferred because of lower
threshold power and larger mode spacing that facilitates exten-
sion of the comb span. To measure such large frep, experiments
have used a microwave rate (fmw) auxiliary frequency comb [4]
or electro-optic modulation [5] for downconversion. By hetero-
dyne detection of the two combs, we can downconvert frep to
an intermediate frequency (IF) signal fIF since frep = Nfmw + fIF,
where N is an integer. However, these types of schemes are
complicated by the relative optical phase of the two combs.

We anticipate that by photodetecting frequency combs of THz
and MW repetition frequency in a high-speed photodiode, non-
linear mixing of the photocurrents will directly yield an IF,
taking advantage of MW harmonic generation in the photodi-
ode. The origin of photodiode nonlinearity [6–9] is still not fully
understood. Several mechanisms contribute, such as voltage
and current dependence of responsivity and junction capaci-
tance, the space charge effect, and the Franz–Keldysh effect
[10–12]. Photodiode nonlinearity is conventionally considered
an adverse effect since it induces unwanted mixing products.
However, nonlinearity has been explored for optoelectronic
mixing [8,9,13–15]. In those experiments, frequency upcon-
version to the V band has been demonstrated for applications in
wireless communications.

Here, we draw on advances in high-speed MUTC photodiodes
[16–18] to demonstrate an ultra-broadband optoelectronic mixer
operating at up to 500 GHz. Our photodiode mixer induces neg-
ligible frequency noise, allowing for Allan deviation (ADEV)
frequency-noise measurements at 10−13/τ with the THz rate
combs. We experimentally investigate the dependence of the
conversion loss on photodiode’s bias voltage and photocurrent,
showing that an optimal bias voltage and large photocurrent is
beneficial to minimizing the conversion loss. Featuring com-
pact size, low additional noise, and broad operating bandwidth,
the optoelectronic mixer we report is a promising candidate for
precise detection of frequency comb frep at THz frequencies.
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Fig. 1. Phase-coherent detection of frep using a high-speed photodiode as the optoelectronic mixer. (a) Experimental setup, including
two systems of lasers and phase modulators to generate EO combs, a programmable optical filter, an EDFA, the photodiode chip, a RF
amplifier, an electrical spectrum analyzer, and a phase noise analyzer. (b) Optical spectrum at the output of the EDFA, showing a 100.12 GHz
millimeter-wave-rate comb and a 25 GHz microwave-rate comb. (c) Microscope image of the photodiode chip after flip-chip bonding on an
aluminum nitride submount. (d) Electrical spectrum of the IF signal at 120 MHz.

Our experimental setup is shown in Fig. 1(a), including the
frequency-comb generation and the optoelectronic mixer sys-
tems. We use two electro-optic (EO) frequency combs with
microwave repetition frequency (fmw ≈ 25 GHz, generated by
Keysight E8257D) and a programmable optical filter to gen-
erate comb spectra with widely variable harmonic repetition
frequencies (frep) into the millimeter-wave and THz ranges. Oper-
ationally, we use two systems of continuous-wave (CW) lasers
and phase modulators to generate two EO combs at 25.03 GHz
and 25 GHz, respectively. We tune the CW lasers across the
C band, so that the center frequency of the EO combs can
be very different. By programming an optical filter (Finisar
Waveshaper 1000S), we create combs with harmonic repetition
frequencies to simulate the microcomb under test and charac-
terize the optoelectronic mixer. We use an erbium-doped fiber
amplifier (EDFA) after the filter to increase the optical power
for high-nonlinearity operation of the photodiode. The output of
the photodiode is connected to a bias tee, which separates the
DC bias voltage and IF signal. The IF signal is either fed to an
electrical spectrum analyzer (ESA) for spectrum measurement
or a phase noise analyzer for ADEV measurements. Figure 1(b)
shows the case of creating a 100.12 GHz millimeter-wave-rate
comb from the EO comb of laser 1 and a 25 GHz microwave-rate
comb from the EO comb of laser 2. For the 25 GHz microwave-
rate comb, we purposely filter out some comb modes to realize
phase modulation to intensity modulation conversion.

In order to maximize the power of the photo-generated elec-
trical signal and IF signal, we design the photodiode with
ultra-wide bandwidth and high power handling capability. We
use a MUTC structure [16,17,19] to increase the transit-time-
limited bandwidth and saturation power. To minimize the
junction capacitance for high-speed operation, we reduce the
active area to 5 µm in diameter. Figure 1(c) presents a micro-
scope image of our photodiode with a 3 dB bandwidth of 128
GHz and a maximum photocurrent over 30 mA. The high-speed

photodiode is flip-chip bonded on an aluminum nitride sub-
mount. On the submount, there are coplanar waveguides, which
are compatible with commercial ground-signal-ground probes.
The geometry of the CPWs is also optimized to further enhance
the photodiode bandwidth through inductive peaking [20].

Photodetection of both combs generates not only the har-
monics of their repetition rates but also their inter-modulation
products because of photodiode nonlinearity. In Fig. 1(d), we
present the IF signal when the photodiode is illuminated with
the optical spectrum of Fig. 1(b). Here, the central frequency is
fIF = frep − 4fmW = 120 MHz, where frep (100.12 GHz) is the beat
note of the EO comb from laser 1 and 4fmw (100 GHz) is gener-
ated inside the photodetector by a combination of photocurrent
harmonics and the intrinsic comb tones that lead to 4fmw in
the EO comb from laser 2. Unlike the work demonstrated in
[21], we employ the nonlinearity of an ultrafast photodiode and
harmonics of a known microwave frequency to detect frep at hun-
dreds of GHz. One feature of our optoelectronic mixer is that no
high-frequency components are required for THz detection. The
proposed mixer primarily relies on the first-order nonlinearity,
with minimal contribution from higher-order nonlinearities. By
operating the photodiode with large photocurrent, we can reduce
the conversion loss to below 35 dB.

We investigate the noise performance of the optoelectronic
mixer in the millimeter-wave frequency range by operating it
to measure the repetition frequency fluctuations of two, ≈100
GHz combs. Figure 2(a) shows how we generate the 100 GHz
combs by programming the optical filter to transmit only two
modes from each EO comb; the gray (red) trace shows the unfil-
tered (filtered) EO combs measured at the EDFA output. The
resulting combs have spacings of 100 GHz and 100.12 GHz,
leading to an IF signal of 120 MHz; see Fig. 2(b). The IF sig-
nal has a signal-to-noise ratio (SNR) over 60 dB, making high
coherence phase and frequency-noise analysis readily feasible.
We measure the ADEV of the IF signal, using a conventional
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Fig. 2. Comparison of the noise performance between a conven-
tional electronic mixer and our optoelectronic mixer. (a) Optical
spectra of the unfiltered (gray) and filtered (red) EO combs. (b)
Electrical spectrum of the IF signal at 120 MHz. (c) Comparison of
the ADEV measured with a conventional electronic mixer and our
optoelectronic mixer.

phase noise analyzer with the same clock input as we use to gen-
erate the 25 GHz signal for the EO combs. Hence, the ADEV
of the IF signal is traceable to that of the shared clock input,
providing the baseline for characterizing the noise performance.
We compare the optoelectronic mixer with a conventional elec-
tronic mixer by measuring the ADEV of the IF signal in both
cases; see Fig. 2(c). In the case with the electronic mixer, 25
GHz and 25.03 GHz signals used for the EO combs are fed
into an electronic mixer to generate the IF signal, which allows
us to estimate the fundamental noise in down-mixing of 100
GHz combs. Figure 2(c) shows that the ADEV measured with
the optoelectronic mixer agrees with that measured by a con-
ventional electronic mixer, reaching 7.7 × 10−14 at 1 s averaging
time. These results indicate that the noise induced by our opto-
electronic mixer is negligible compared with the conventional
electronic mixer, and we observe similar noise performance at
different photocurrent levels.

Photodiode nonlinearity is essential for our optoelectronic
mixer, and we optimize the photodiode nonlinearity by
investigating the conversion loss, which is defined as η =
10log10(PmmW/PIF), where PmmW and PIF are the power of the gen-
erated millimeter-wave signal and IF signal, respectively [14].
We calculate PmmW at different photocurrent based on the meas-
ured PmmW at 5 mA with a commercial powermeter working up
to 1 THz (VDI PM5). For example, we measure η in the case
of two, ≈100 GHz combs. Since both photodiode’s bias voltage
and photocurrent can influence its nonlinearity, we investigate η
by varying one parameter while keeping the other fixed.

Figure 3(a) shows η as a function of reverse bias voltage at
different photocurrent. Since PmmW is nearly fixed for each pho-
tocurrent value, PIF is inversely proportional to η and varies
strongly with reverse bias voltage. At 0.4 mA photocurrent

Fig. 3. Conversion loss of the optoelectronic mixer in the case of
two, ≈100 GHz combs. (a) Measured conversion loss as a function
of reverse bias voltage. (b) Measured conversion loss with varied
photocurrent.

(blue circles), η is independent of photodiode’s bias voltage.
At larger photocurrent (green squares and brown triangles), η
first decreases and then increases with bias voltage, resulting
in a minimum η at a reverse bias voltage of 1.4 V. This trend
can be explained by the competition between higher respon-
sivity and stronger internal electric field as the reverse bias
voltage increases. It is believed that the photodiode nonlinearity
is related to the accumulation of photo-generated carriers in the
depletion region of the photodiode (space charge). Due to the
recombination of carriers, the responsivity at 0 V is lower com-
pared with that at higher voltages. The responsivity increases
with the reverse bias voltage, leading to more space charge and
higher nonlinearity. This effect is dominant at reverse bias volt-
ages below 1.4 V. Above 1.4 V, another effect becomes dominant:
the strong internal electric field sweeps out the space charge and
reduces the photodiode nonlinearity. For the MUTC photodiode
we use, the competition between these two effects results in a
minimum η at 1.4 V.

Figure 3(b) illustrates how η varies with increasing pho-
tocurrent, showing a trend of initially increasing slightly and
then decreasing sharply. This trend is explained by the space
charge effect. The MUTC photodiode contains an un-depleted
absorption region where the movement of photo-generated elec-
trons is mainly based on diffusion at low photocurrent level. As
the photocurrent increases, an electric field, which is called
self-induced field, arises in that region [22,23]. It is benefi-
cial to electrons’ transport and leads to reduced space charge
and lower nonlinearity. However, this electric field is relatively
weak, and the above-mentioned effect only dominates at low
photocurrent level. At larger photocurrent, the accumulation of
photo-generated carriers becomes the predominant effect, and
the photodiode nonlinearity is enhanced by the increased space
charge. These experimental results suggest that we can operate
the photodiode at the saturation state to improve its nonlinearity.
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Fig. 4. Broadband frequency-noise performance of the optoelec-
tronic mixer. (a) Optical spectrum (red) of two ≈400 GHz combs.
The gray trace represents the case of unfiltered EO combs. (b) Com-
parison of the ADEV measured by a conventional electronic mixer
and our optoelectronic mixer. (c) Electrical spectrum of the IF signal
in the case with two ≈500 GHz combs.

However, we still keep the photocurrent below 11 mA to avoid
thermal failure of the photodiode.

We further investigate the broadband frequency-noise perfor-
mance of our optoelectronic mixer by operating it with two,
≈400 GHz combs (Figs. 4(a) and 4(b)) and two, ≈500 GHz
combs (Fig. 4(c)). We use the same setup as that in Fig. 1(a),
except with a higher RF power of the 25 GHz signals. Figure 4(a)
shows the optical spectra in the case with (red) and without
(gray) applying the multiple passband filter. By programming
the optical filter, we achieve two combs with spacing of 400.12
GHz and 400 GHz, respectively. Photodetection of these two
combs and down-mixing of the corresponding electrical signals
yield fIF at 120 MHz. Figure 4(b) shows a comparison of the
ADEV between the case with the conventional electronic mixer
and our optoelectronic mixer. In both cases, the ADEV is less
than 8.6 × 10−14 at 1 s averaging time. The IF signal generated by
our optoelectronic mixer shows slightly higher frequency noise,
which results from the noise induced by optical and electrical
amplifiers in the system. We further operate the optoelectronic
mixer with two, ≈500 GHz combs; see Fig. 4(c). The SNR of
the IF signal is low, partly due to the weak comb lines and
low-SNR optical signals after the EDFA. We can improve the
SNR of the IF signal by using cascaded modulators to generate
500 GHz combs with higher comb line power. Compared with
the conventional electronic mixer, our optoelectronic mixer can
operate over a much broader frequency bandwidth, supporting
down-mixing of combs at millimeter-wave and THz ranges.

In summary, we demonstrate a broadband optoelectronic
mixer, based on a high-speed MUTC photodiode. Using a single
photodiode, we demonstrate phase-coherent detection of frep up
to 500 GHz. The exceptional noise performance of the optoelec-
tronic mixer is confirmed by the comparison with a conventional

electronic mixer. We optimize the photodiode nonlinearity by
investigating the dependence of conversion loss on photodiode’s
bias voltage and photocurrent. Our setup not only is an ultrafast
photodiode that functions as a wideband mixer but also provides
a simple and reliable method of measuring microcomb repeti-
tion frequency with a frequency comb at the microwave rate.
Our work will benefit applications in optical-frequency synthe-
sis by providing a compact and broadband solution for detection
of millimeter-wave and THz repetition rates.
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