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We design and construct a resonant photodetector (RPD) with a Q factor of 320.83 at the resonant frequency of
38.5 MHz on the basis of a theoretical analysis. Compared with the existing RPD under the same conditions, the signal-
to-noise-ratio of the error signal is increased by 15 dB and the minimum operation power is reduced from −55 dBm to
−70 dBm. By comparing the standard deviations of the stability curves, we confirm that the RPD has a dramatic improve-
ment on ultralow power extraction. In virtue of the RPD, we have completed the demonstration of channel multiplexing
quantum communication.
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1. Introduction
Pound–Drever–Hall (PDH) technique, as a powerful and

elegant locking method, has been widely adopted to achieve
a narrow-linewidth and low-noise laser by stabilizing the fre-
quency of the laser to a high-finesse optical cavity.[1–6] Pre-
cision metrology,[7–11] atomic[12,13] and molecular[14–16] ma-
nipulations have directly benefited from the resulting improve-
ment in laser stability. For example, interferometric mea-
surements such as the search for gravitational waves criti-
cally depend on the availability of narrow-linewidth laser sys-
tems with extremely low frequency and amplitude noise.[7,8]

Atomic clocks based on optical transitions also require ex-
tremely stable laser sources to accurately probe the sub-Hertz
linewidths available in laser-cooled samples.[12] Also, the gen-
eration of the squeezed state of light[17–23] requires several
PDH feedback loops to stably lock the cavity length and the
relative phase. Under the motivation of gravitational wave de-
tectors, the squeezing strength is gradually increased, reaching
the maximum value of 15 dB at 1064 nm.[24–26] It is worthy of
noting that the setup with the squeezing factor of 15 dB is not
actively stabilized. However, the error signal extraction for ac-
tive stabilization will introduce the inevitable loss that reduces
the squeezing factor. The narrow-band detected signal simpli-
fies the design of the photodetector, whose high Q factor will
promote the explosive increase of the gain and realize the error
signal extraction with negligible loss. It is important for im-
plementing a high-quality PDH feedback loop without notably

degrading the squeezing factor.
The cavity length locking and the relative phase locking

between two beams can be realized by utilizing the PDH tech-
nique with the same feedback loops, although the references
are different.[27] As the first stage of the feedback loop, it is
vital to design a high signal-to-noise ratio (SNR) photode-
tector. In virtue of the design idea of the resonant receiver,
we obtained a high gain resonant photodetector (RPD) with
a Q factor of 97.6 at the frequency of 58.6 MHz by utilizing
a LC circuit to couple the photodiode to the load resistance
directly.[28] Subsequently, by adding a winding transformer
between the photodiode and the load resistance, the Q factor
of the RPD was close to 100 in the frequency region of higher
than 100 MHz.[29] Except for the extension of the resonant
frequency, the improvement of the Q factor is another eternal
pursuit of the RPD.

In this paper, we design and construct a RPD with a Q
factor of 320.83 at the resonant frequency of 38.5 MHz on
the basis of a theoretical analysis. Under the same conditions,
the SNR of the error signal of the new-designed RPD is about
15 dB higher than that of the existing RPD. In virtue of the
RPD, we demonstrate an actively relative phase stabilization
of signal power of −70 dBm with a local beam of 0 dBm,
which has a standard deviation of 264.69 mrad. The high-Q
RPD effectively reduces the loss of the error signal extraction.
In the case of bright squeezed light of 15 dB with the power
of 10 µW, the extraction loss decreases from 1% to 0.17% and
the squeezing factor increases from 13.84 dB to 14.78 dB.
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2. Photodetector design
As the first stage of the feedback loop, it is vital to de-

sign a high SNR photodetector. In the PDH technique, the
SNR of the feedback loop is mainly determined by that of the
photodetector. Compared with the conventional broad-band
photodetector, the RPD can not only significantly boost the
signal at the resonant frequency, but also effectively suppress a
large amount of noise outside the bandwidth, which represents
a well-established technique for extracting the high-SNR error
signal.[28] The performance of the RPD is often evaluated by
the Q factor. As the Q factor increases, the 3-dB bandwidth
of the RPD is reduced and the overall response is increased,
hence the SNR of the error signal is improved.

2.1. Theoretical analysis of the Q factor

The detailed circuit schematic of the RPD has been
demonstrated.[28] Figure 1(a) shows a circuit layout of the
RPD based on the parallel LC resonant circuit, which is com-
posed of the junction capacitance C of the photodiode and an
inductor. And its equivalent circuit is displayed in Fig. 1(b).
The shunt resistance of the photodiode can be neglected com-
pared to the impedance at the resonant frequency. The reso-
nant frequency and the impedance at the resonant frequency
are expressed by[28,30]

fres =
wres

2π
=

√
1

LC
−

R2
loss
L2 , (1)

Z(wres) = Rres =
L

RlossC
. (2)

In the narrowband approximation, the frequency-
dependent impedance of the parallel resonant circuit is a first-
order band-pass response around wres, characterized by the
cutoff frequency (i.e., the bandwidth) of

fc =
1

2π

1
2(Rres −Rloss)C

. (3)

The Q factor is given by the ratio of the resonant fre-
quency to the 3-dB bandwidth, reading

Q =
fres

2 fc
=

(
L

RlossC
−Rloss

)√
C
L
−
(

RlossC
L

)2
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Fig. 1. Circuit layout of the RPD based on the parallel LC resonant cir-
cuit (a) and its equivalent circuit (b). All losses of the resonant circuit
are modelled by the resistance Rloss. The junction capacitance C of the
photodiode varies with the bias voltage applied on it.

Usually Rloss is much smaller than Rres and can be ig-
nored, leading to Q =

√
L/C /Rloss and Rres = Q2Rloss. The

peak impedance increases linearly with the square of the Q
factor, and the optical power required for the error signal ex-
traction is reduced. In order to optimize the phase stabilization
performance for ultralow power, we expect the Q factor and
peak impedance to be as large as possible. The high Q factor
can be achieved by minimizing the junction capacitance C that
depends on the reverse-bias voltage. However, the junction
capacitance C is restricted to a limited range due to the power
dissipation and reverse breakdown voltage of the photodiode.
As the inductance L is increased, the Q factor is improved ac-
cording to the above expression. But the winding resistance of
the inductor also increases with the inductance. As a part of to-
tal loss resistance Rloss, the winding resistance has an adverse
effect on the Q factor. Therefore, there is a trade-off between
the inductance L and Q factor. Due to the high-frequency skin
effect and parasitic capacitance of the inductor, it is impossi-
ble to accurately evaluate the total loss resistance Rloss at the
high frequency, the Q factor can be only optimized by an ex-
perimental procedure.

2.2. Implementation of the high Q factor

The gain and Q factor of the RPD can be characterized by
its transfer function in the frequency domain. The measured
setup has been demonstrated in more details in Ref. [28].

The detailed regulation procedure is shown below. Firstly,
we choose an appropriate combination of the inductor and
photodiode (junction capacitance) on the basis of the required
resonant frequency. Secondly, the inductor with small winding
resistance is handpicked according to the direct current (DC)
resistance of the inductor. At last, we finely regulate the induc-
tance by changing the magnetic core position, aiming to reach
the required resonant frequency. The success of the regulation
process is confirmed at the network analyzer by monitoring
the Q factor at the resonant frequency to reach the maximum.

According to the regulation method described above, we
measure the transfer functions of the new-designed and exist-
ing RPDs and the results are shown in Fig. 2. The resonant
frequency is 38.5 MHz and the 3-dB bandwidths of the new-
designed and existing RPDs are 0.12 MHz and 0.29 MHz, re-
spectively. The Q factor of the new-designed RPD is 320.83
that is calculated from the measured result. Further increase
in Q factor is mainly limited by the winding resistance of the
inductor. The Q factor of the new-designed RPD is approxi-
mately 2.5 times of that of the existing RPD, corresponding to
6 times of increase in gain at the resonant frequency. The high
gain allows us to obtain a stable phase locking with a weak
power. For the case of bright squeezed light of 15 dB with
the power of 10 µW, the extraction loss decreases from 1%
to 0.17% and the squeezing factor increases from 13.84 dB to
14.78 dB. This provides an important technology for quantum
optics experiments.[28,29]
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Fig. 2. The transfer functions of the new-designed and existing RPDs.

3. Experimental results and analysis
To evaluate the improvement of the new-designed RPD

on the PDH technique, we construct a relative phase stabi-
lization setup between a local beam and a weak beam, shown
in Fig. 3. The laser source is a home-made single-frequency
Nd:YVO4 laser at 1064 nm and its output power can be conve-
niently adjusted by a half-wave plate (HWP1) and a polariza-
tion beam splitter (PBS1). The most important optical com-
ponent is a beam splitter consisting of a HWP2 and a PBS2,
which can be employed to finely tune the splitting ratio. The

linearly s-polarized beam incident on the electro-optic mod-
ulator (EOM) is ensured by using the HWP3. The reflected
beam from the PBS2, whose power can be adjusted by the op-
tical attenuation plate (OAP), interferes with a local beam on a
50/50 beamsplitter, which is used to simulate the detection of a
squeezed state. One of the outputs is directly fed into the RPD
to extract an error signal. The output of the RPD is demodu-
lated, and then fed back to the piezoelectric transducer (PZT)
through the proportion integration differentiation (PID) calcu-
lation and the high voltage (HV) amplification. The other is
sensed by a specially-designed photodetector (PD) connected
with an oscilloscope (OSC) to indirectly deduce the power of
the weak beam. A radio-frequency signal from the signal gen-
erator (SG) is split into two parts: one is used to drive the
EOM and the other serves as the electronic local oscillator to
demodulate the RPD’s output.

When the modulation depth is 0.1 and the power of the
local beam is 0 dBm, the existing and new-designed RPDs are
tested at a weak power of −40 dBm respectively. The results
are shown in Fig. 4. Compared to the existing RPD, the SNR
improvement with the new-designed RPD is rather obvious.
The amplitude with the new-designed RPD is amplified by
approximately 6 fold in Fig. 4. Here, the SNR is defined as the
ratio of the peak–peak value of the error signal (Vpp in Fig. 4)
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Fig. 3. Experimental setup for measuring the locking stability of the servo-control system for the phase-locking between a local beam and
a weak beam. ISO: isolator; HWP: half-wave plate; PBS: polarization beam splitter; EOM: electro-optic modulator; SG: signal generator;
PZT: piezoelectric transducer; OAP: optical attenuation plate; RPD: resonant photodetector; PD: photodetector; PID: proportion integration
differentiation; HV: high voltage; OSC: oscilloscope.
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Fig. 4. Error signals from (a) existing RPD and (b) new-designed RPD. The weak beam is −40 dBm for both cases. The power of the local
beam is 0 dBm.
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to the noise of the curve (Vn in Fig. 4). The power of the lo-
cal beam remains unchanged, the power of the signal beam in-
creases from −70 dBm to −20 dBm with a step of 5 dBm. The
measured SNRs are shown in Fig. 5. As the power of the signal
beam increases, the SNRs with the existing and new-designed
RPDs also increase linearly. Under the same conditions, the
SNR with the new-designed RPD is about 15 dB higher than
that with the existing RPD. Utilizing the new-designed RPD,
we can achieve a stable phase locking when the signal power
is only −70 dBm.

The performances of the existing and new-designed RPDs
are experimentally demonstrated by comparing the standard
deviations of the stability curves. Figure 6(a) is the measured
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Fig. 5. The SNRs of existing and new-designed RPDs at different power of
weak beam when the power of the local beam is 0 dBm.
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results at the signal power of −40 dBm. By fitting the rela-
tive frequency distributions of the error signals with a Gaus-
sian function,[31,32] the standard deviations with the existing
and new-designed RPDs are 68.4 mrad and 22.5 mrad, re-
spectively. The standard deviations are compared at differ-
ent signal beam power from −20 dBm to −70 dBm, with a
step of 5 dBm, which are shown in Fig. 6(b). As the signal
power is decreased, the standard deviations increase exponen-
tially. When the signal power is less than −55 dBm, the error
signal from the existing RPD is completely merged in noise.
Instead the feedback loop operates stably with a standard devi-
ation of 80.52 mrad with the new-designed RPD. The results
indicate that the new-designed RPD can effectively improve
the performance of quantum optics experiments.[28,29] Utiliz-
ing the sub-nW locking technique, we have experimentally
completed the demonstration of channel multiplexing quan-
tum communication.[33]

4. Conclusion and perspectives
We present a RPD with Q factor of 320.83 at the resonant

frequency of 38.5 MHz on the basis of a theoretical analysis.
With new-designed RPD, we measure the SNRs of the error
signals and the standard deviations of the stability curves. Un-
der the same conditions, the SNR with the new-designed RPD
is about 15 dB higher than that with the existing RPD. For the
signal beam of −40 dBm, the standard deviations with the ex-
isting and new-designed RPDs are 68.4 mrad and 22.5 mrad,
respectively. Due to the dramatic improvement of ultralow
power extraction, the new-designed RPD has helped us to
complete the demonstration of channel multiplexing quantum
communication.[33]
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