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ABSTRACT

Squeezed light plays a crucial role in state-of-the-art quantum metrology and quantum information experiments. There is significant interest
in utilizing squeezed states at high MHz and GHz frequencies. However, past efforts to build suitable photodetectors at these frequencies
have yet to yield the required high quantum efficiency. Here, we present the development of a high-frequency balanced photodetector with
near-unity quantum efficiency, realized with off-the-shelf components. The detector operates in balanced mode up to approximately
500 MHz, above which the differential frequency response limits its performance. To obtain high sensitivity above 500 MHz, the detector can
be efficiently used in an unbalanced homodyne detection scheme. We employ our detector in this unbalanced mode to measure a squeezing
comb up to 6.4 GHz, achieving a squeezing level of up to 10.7 dB. By sharing our experience, specifically in identifying the unequal frequency
response as a limiting factor, we aim to enable and advance further developments in the field.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0290396

Non-classical states—so-called squeezed states—are a valuable
resource for quantum metrology and quantum information. They can
help achieve higher sensitivity whenever experiments are limited by
the quantum noise of the employed laser light. The most advanced
application to date is the sensitivity enhancement of gravitational wave
detectors.' " Other, lesser-known application examples include mag-
netometers,” ~ spectroscopy,” ' or imaging.” '* Beyond this, the
entanglement inherent to squeezed states is highly interesting for
experiments in quantum communication'”'® or computation.””*" A
single squeezing source can generate bipartite entanglement with THz
bandwidth®* yielding an enormous scaling potential for multiplexing.
Extending to cluster states,””” ”” they enable large-scale measure-
ment-based quantum computing.

So far, the highest levels of squeezing have been achieved when
the required nonlinear process is enhanced in an optical resonator
forming an optical parametric oscillator (OPQ).”® The resonance con-
dition of the OPO leads to a comb structure in the squeezing spectrum,
with the separation of the teeth corresponding to the free spectral
range (FSR) of the resonator.”” "’ However, in the future, waveguide

7

squeezers are aiming to achieve similar performance, providing a con-
tinuous squeezing spectrum.”’ Their integration into a chip-based
infrastructure paves the way for scalable quantum information plat-
forms.”

A key aspect of utilizing squeezed states is their detection. For
phase-sensitive homodyne measurements, balanced photodetectors
are preferred. These should possess near-unity quantum efficiency
(quantum efficiency), a high shot noise to electronic dark noise clear-
ance, sufficient bandwidth, and high common-mode rejection.
Imperfect quantum efficiency acts as a loss channel, mixing the
squeezed state with vacuum fluctuations and thereby degrading the
observable squeezing level. High electronic detector noise obscures
the squeezing signal and reduces the effective squeezing level, similar
to losses. Squeezed light was primarily investigated at frequencies from
the audio band to a few megahertz. Accordingly, detector development
focused on these frequencies.” "’

However, to fully exploit the bandwidth potential of squeezed
light sources, detection at high frequencies is crucial. While significant
efforts have been dedicated to developing balanced detectors with GHz
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bandwidth,"" *° such devices have yet to reach high quantum efficien-
cies. Even measuring efficiently at the first FSR of an OPO with a large
cavity length (corresponding to relatively low frequencies in the
500 MHz range) remains challenging.”’ ' Consequently, alternative,
but significantly more complex, approaches have been developed,
which circumvent the need for simultaneous high quantum efficiency
and high detection bandwidth. Bichromatic detection,”” > for
instance, uses a local oscillator with two frequencies to access the side-
bands optically rather than electronically, and parametric amplifica-
tion’* " employs a second OPO to relax requirements on detector
efficiency. Nevertheless, the gold standard for squeezed light detection
remains broadband balanced homodyne detection with high quantum
efficiency.

Here, we present the development of a high-frequency balanced
photodetector with near-unity quantum efficiency at 1064nm. The
detector enables us to measure a quantum noise reduction at the first
31 FSRs of our squeezer, each separated by 200 MHz, corresponding to
a spectrum spanning 6.2 GHz. At frequencies above approximately
500 MHz, we observe a reduction of the measured squeezing level,
which we were able to trace to an imbalance in the complex frequency
response of the two photodiodes in our circuit. To circumvent this lim-
itation, we employ an unbalanced homodyne detection scheme, as
already demonstrated in Ref. 30. In the current publication, we almost
double the measurement range and show shot noise-limited perfor-
mance up to 6.4 GHz.

Our detector’s circuit diagram is shown in Fig. 1(a). Its simplicity
is the result of a lengthy series of tests in which it was found that ear-
lier, more complex variants did not provide any added value. The cir-
cuit can be divided into three parts: A detection stage, a DC stage, and
an RF stage.

For the detection, we utilize two high-quantum efficiency photo-
diodes from Laser Components (IGHQEX0080) for operation at
1064 nm. These photodiodes have a specified quantum efficiency of
>99% and an active area with a diameter of 80 um. We derived a
lower bound for the quantum efficiency of >98.7% from squeezing
measurements.”””” Across a batch of photodiodes, we could identify a
few photodiodes with an approximately 0.2% increased quantum effi-
ciency. The photodiode’s capacitance is specified as 1 pF at a bias volt-
age of 2.5V. We increased the bias voltage to 10V to increase the
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bandwidth and noise clearance. Our PCB is oriented horizontally, and
we soldered the photodiodes to the side of the PCB and at right angles
to each other, as shown in Fig. 1(b). We focus the light using 25 mm
lenses mounted on fine adjustment stages (Newport LP-1B-XYZ).
Apart from the photodiodes, the bypass capacitors (C;_4) placed close
to the photodiodes impact the high-frequency performance of the
detector most significantly. At gigahertz frequencies, the impedance of
these capacitors is dominated by the residual inductance of the package
rather than the nominal capacitance value. Accordingly, we chose low
inductance capacitors (Murata LLL185C70J105ME14) with a high
capacitance of 1 uF.

The two photodiodes are installed back-to-back for direct cur-
rent subtraction. A bias-T consisting of a capacitor (Cs) and an
inductor (L;) is used to separate the DC and RF signals. Changing
their values allows a shift of the maximal clearance between dark
noise and shot noise to higher frequencies. The values used here
were chosen for best broadband performance. The DC is converted
by a trans-impedance amplifier based on an Analog Devices AD797
operational amplifier. The DC signal is only used for alignment and
control purposes and was not optimized for low-frequency squeezed
light detection. The RF signal is amplified by a Mini-Circuits Mar-6
amplifier. It is powered via a current injection at its output using a
second bias-T. The amplifier was chosen for its low noise figure and
high gain. It has a nominal bandwidth of 2 GHz; similar amplifiers
with higher bandwidth, such as the 7 GHz Mini-Circuits GALI-39+,
showed a comparable behavior, indicating that the bandwidth of
the detector is limited by the photodiodes and not the amplifier.
We are only operating with a single RF amplifier stage for best noise
performance, which was sufficient to separate the signal from our
spectrum analyzer’s (Keysight N9010b) noise floor, utilizing its pre-
amplifier stage. Depending on the application, additional serial
amplifiers can be added.

Our photodetector is based on off-the-shelf components and
does not require sophisticated techniques to be built. We etched our
PCBs in-house on conventional two-layer FR4 material but with a
reduced thickness of 0.5mm. Parts and vias were soldered by hand.
For 50 Q matching, components in the RF path were connected using
microstrips. Tests with RF-optimized ceramic PCBs (Rogers RO4350)
and automated assembly did not show any advantage. We designed an

= sn balanced
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= sn D2
dark noise

3 4 5
frequency (GHz)

FIG. 1. (a) Schematic of the balanced photodetector. (b) Picture of the detector. (c) Measurement of the shot noise and dark noise levels of the detector with 8 mW per photodi-
ode. The contributions of the two photodiodes D1 (green) and D2 (orange) to the combined shot noise level (blue) differ significantly.
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aluminum housing for the detector shown in Fig. 1(b). A proper enclo-
sure, as well as a good ground connection, were a crucial factor in miti-
gating the coupling of stray signals.

We measured the shot noise level of our detector with a power
of 8 mW on each photodiode, as shown in Fig. 1(c). Below 300 MHz,
the clearance between shot noise and detector dark noise reaches
more than 15dB at an incident power of 8 mW per photodiode.
However, above approximately 500 MHz the shot noise levels of the
two photodiodes, and therefore the frequency response, start deviat-
ing from each other, limiting the detector’s capability to operate in
balanced mode.

We measured the squeezing spectra of our 200 MHz-bowtie
OPO unbalanced on one of the photodiodes. More details on the
squeezed light source, detection, and phase control can be found in
Ref. 30. As in the previous publication, the homodyne detection used
a 99:1 beam splitter, but now its output voltage is measured by a
spectrum analyzer with 7 GHz bandwidth. The normalized and dark
noise-subtracted results are depicted in Figs. 2(a) and 2(b) for the two
photodiodes. We measured squeezing levels of 11.0dB (10.7 dB) at
200 MHz for photodiode D1 (D2). The difference can be explained by
a 0.6% reduction of quantum efficiency caused by a defect visible on
the diode’s surface that only occurred after long usage. Over the full
detection band, the measured squeezing level is fairly constant, with
deviations discussed further below.

— shot noise

dark-noise clearance — squeezing —— anti-squeezing

ARTICLE pubs.aip.org/aip/apl

When operated as a balanced homodyne detector with a 50:50
beam splitter, we measured a squeezing level of 11.5dB at 200 MHz,
11.2dB at 400 MHz, and 10.6 dB at 600 MHz after dark noise subtrac-
tion, as shown in Fig. 2(c). For higher frequencies, the squeezing level
starts to deteriorate more strongly, which can be explained by an
unequal frequency response.

To understand this behavior, we characterized the frequency
response of the two photodiodes with a 10 GHz fiber-coupled ampli-
tude modulator (Exail NIR-MX- LN-10) and a 3 GHz-network ana-
lyzer (Keysight E5061b). The results are shown in Fig. 3(a).

We used the measured frequency response to predict the squeez-
ing results for the balanced measurement. Since the common magni-
tude or phase response of the two photodiodes does not affect the
normalized squeezing measurement, we focused on the photodiode’s
differential (complex) frequency response 0. It allows us to calculate
the normalized variance of the photocurrent i,

, 1+ 6 var(Xg) + |1 — 6
Var(l—)norm = |1 +5|2 + ‘1 _ §|2 ) (1)

where X is the quadrature operator of the squeezed state under an
arbitrary readout angle 0. For 6 = 1, this corresponds to the desired
quadrature measurement X 9, whereas for 6 = —1 a variance of 1 is
measured, corresponding to the shot noise of the local oscillator. The
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FIG. 2. Normalized squeezing comb measurements with unbalanced homodyne detection on photodiodes D1 (a) and D2 (b) and balanced homodyne detection (c). The elec-
tronic dark noise was subtracted from all traces and is indicated by the dark noise clearance. Accordingly, at higher frequencies, the squeezing levels are below the electronic
noise. Additional zero-span measurements are used to determine the exact squeezing values at each FSR. The horizontal line indicates the squeezing level at the first FSR. A
bowtie OPO with a round frip length of 1.5 m (corresponding to an FSR of 200 MHz) was used for the measurement.
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FIG. 3. (a) Transfer function measurement of the two photodiodes of the detector.
Shot noise measurements (dark noise subtracted) are shown for reference, which
follow the same magnitude response as the transfer function. (b) Comparison of
measured and predicted squeezing levels for balanced detection. The behavior of
the detector was modeled using the difference in frequency response of the two
photodiodes. The bandwidth of the measurement of 3 GHz is given by the limited
bandwidth of the network analyzer.

results are depicted in Fig. 3(b). The model is in high agreement with
our experimental results within the measurement band, indicating that
the photodiodes” asymmetric response is the limiting factor for the bal-
anced operation of our detector.

Our detector is not affected by excess loss caused by distributed
photocarrier generation, a process discussed in Ref. 48. Since shot noise
is a white process, its measurement should equal the frequency
response’s magnitude. Deviations between the two measurements could
indicate excess loss but could not be observed, as can be seen in
Fig. 3(a). At frequencies above 3 GHz, we see a small drop in squeezing
level of up to 1.6dB for diode D1, which could indicate up to 3.8%
excess loss at these frequencies. However, the work in Ref. 48 predicts a
steady increase in loss over frequency, which we do not observe.
Accordingly, we assume that the slight decrease in squeezing level might
be a measurement artifact caused by the dominant electronic noise.

We performed linearity measurements of the detector. Figure 4(a)
shows the detector’s DC output voltage for each of the two photodiodes
depending on the incident optical power. Up to 12 mW no indication
of saturation can be seen. Figure 4(b) shows shot noise spectra for
different powers. The dark noise was subtracted, and the traces were
normalized to the 3.5 mW measurement to eliminate the common fre-
quency response. Horizontal lines indicate the expected shot noise level.
For D1, we only observe a drop in shot noise level at 10 mW at high
frequencies. In contrast, D2 exhibits super-linear scaling for powers
above 3.5 mW. While this could suggest nonlinear behavior of the
detector, we conclude that the DC power only affects the photodiode’s
gain and that the detector’s response to different noise levels remains

ARTICLE pubs.aip.org/aip/apl
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FIG. 4. (a) Photodetector's DC output voltage over incident optical power, including
a linear fit. (b) Shot noise spectra for different power levels for diode D1 (top) and
D2 (bottom). To flatten the measurements, all traces were normalized to the 3.5
mW measurement (pink). The detector’s dark noise was subtracted from measure-
ments and reference. The dashed horizontal lines indicate the expected shot noise
level. Gaps in the traces are caused by subtracting the dark noise level when its
value is greater than that of the measured shot noise.

linear. A good measure of linearity is provided by squeezing, anti-
squeezing, and shot noise measurements that are performed at constant
local oscillator power but probe different noise powers. For unbalanced
operation, no irregularities were observed when comparing different
frequencies or pump powers. For example, the unbalanced measure-
ment on D2 shown in Fig. 2(b) was performed at 8 mW and shows
constant noise levels over frequency below 1 GHz where the gain scales
super-linearly. In contrast, the balanced measurement is much more
affected. Here, we started to observe deviations between the measure-
ments and our model [see Eq. (1) and Fig. 3(b)] for powers above 6
mW per diode.

In addition to Laser Component’s high-quantum efficiency pho-
todiodes, we also tested Fermionics’ FD80W photodiodes, which are
significantly cheaper yet still provide a high quantum efficiency of
around 95%. Details can be found in Ref. 60. The photodiodes pro-
vided a much more symmetrical frequency response when installed in
our detector. However, the measured squeezing levels deteriorate
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much more severely, even under unbalanced detection, which limits
the detector’s bandwidth to a few hundred megahertz. This can be
explained by a much more pronounced nonlinear behavior of the
photodiodes.

We suspect that the packaging of the photodiodes leads to an
asymmetric equivalent circuit. Consequently, the gain of the photodio-
des depends on their installation orientation. The only way to address
this issue is to modify the photodiode design. For instance, an SMD
package could be used, or a second type of photodiode could be manu-
factured with an n-i-p junction instead of a p-i-n junction. Using an
impedance matching network between the photodiodes and an ampli-
fier could improve the photodiode gain, thereby improving the signal-
to-noise ratio.

In conclusion, we present a high-frequency and high-quantum
efficiency photodetector with a positive dark noise clearance up to
6.4 GHz, enabling homodyne measurements of strongly squeezed
states at gigahertz frequencies. While this is a major achievement, our
detector still shows limitations. Over large frequency ranges, the dark
noise clearance, while positive, is rather low. We were able to identify
the unequal frequency response of the two photodiodes as the limiting
factor for balanced detection. This forces us to use an unbalanced
detection scheme above approximately 500 MHz, which is effective but
comes with limitations. Our work provides the first viable option for
broadband, high-quantum efficiency homodyne detection. This is a
crucial step in exploiting the scaling potential of squeezed states in
quantum metrology and quantum information processing.

See the supplementary material for raw data and scripts for evalu-
ating the data.
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