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A low-noise, high-SNR balanced homodyne detector for the bright
squeezed state measurement in 1-100 kHz range*
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We report a low-noise, high-signal-to-noise-ratio (SNR) balanced homodyne detector based on the standard tran-
simpedance amplifier circuit and the inductance and capacitance combination for the measurement of the bright squeezed
state in the range from 1 kHz to 100 kHz. A capacitance is mounted at the input end of the AC branch to prevent the
DC photocurrent from entering the AC branch and avoid AC branch saturation. By adding a switch at the DC branch,
the DC branch can be flexibly turned on and off on different occasions. When the switch is on, the DC output provides a
monitor signal for laser beam alignment. When the switch is off, the electronic noise of the AC branch is greatly reduced at
audio-frequency band due to immunity to the impedance of the DC branch, hence the SNR of the AC branch is significantly
improved. As a result, the electronic noise of the AC branch is close to —125 dBm, and the maximum SNR of the AC
branch is 48 dB with the incident power of 8 mW in the range from 1 kHz to 100 kHz. The developed photodetector paves
a path for measuring the bright squeezed state at audio-frequency band.
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1. Introduction

Squeezed states are usually divided into two types: one
is the bright squeezed state that has a coherent amplitude, and
the other is the squeezed vacuum state that has no coherent
amplitude.!'! Which type of squeezed light is desirable is
dependent on the applications. In interferometer, the squeezed
vacuum state is usually used to reduce the cross-interference
influence due to no coherent amplitude.[®!%1 While the
bright squeezed state has a coherent amplitude, which can
be used in spectroscopic measurement,!' 12 velocimetry, 3]
LIDAR," and quantum key distribution. !!>16]

The detection,!!”-!8] besides the generation!'*-?? and
propagation of squeezed states, is another key element for
improving their application performances. Many dedicated
researches have been carried out to explore a balanced ho-
modyne detector (BHD) with low-noise, high-gain, and high
common mode rejection ratio (CMRR).[?3301 Our group has
designed a low-noise, high-gain photodetector based on the
bootstrap structure with a clearance of 21 dB for 410 uW in-
jected power.[?>! Subsequently, by adopting a junction field-
effect transistor (JFET) buffering input, we suppressed fur-
ther the electronic noise of the photodetector, extended the
dynamic range to 11.22 mW with a clearance of 36 dB.[*’!
Furthermore, by adding the differential fine turning circuit be-
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tween two photodiodes (PDs), a maximum CMRR of 75.2 dB
was obtained.!”’] A common feature of these detectors de-
scribed above is to employ a transimpedance amplifier (TIA),
which is a natural choice for low-noise, shot-noise detection.
In combination with the inductance and capacitance (L—C) cir-
cuit, the AC and DC signals are observed individually with
different gains. The design, which is usually adopted to detect
squeezed states at MHz regime, can not only prevent the DC
signal from entering the AC branch that avoids AC branch sat-
uration, but also provide a monitor signal for laser beam align-
ment. However, as the detection frequency decreases, the AC
separation from the DC signal faces a challenge. In order to
resolve the trouble, the DC coupled transimpedance detector
is widely used to measure squeezed vacuum states at audio-
frequency band. Vahlbruch et al. designed a DC coupled tran-
simpedance detector, whose SNR is around 20 dB in the tens
of Hertz to tens of thousands of Hertz frequency band for op-
tical power of around 1 mW.3!) Compared with the squeezed
vacuum state, the bright squeezed state with coherent ampli-
tude can not be accurately detected by the DC coupled tran-
simpedance detector due to the saturation effect. Therefore,
one challenge, that is the particular focus of this paper, is the
construction of a detection system for the bright squeezed state
at audio-frequency band.
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In this paper, we design a low-noise, high-SNR BHD for
the bright squeezed state measurement in the range from 1 kHz
to 100 kHz. By using a capacitance to isolate the DC photocur-
rent from the AC amplification branch, the AC amplification
branch of the photodetector is immune to saturation at audio-
frequency band. By adopting a switch at the DC branch, the
electronic noise of the AC branch is significantly reduced. At
the same time, the intrinsic shunt of the DC branch at audio-
frequency band is eliminated when the switch is off, hence
the SNR of the AC branch is significantly increased. In ad-
dition, the DC branch does also provide a monitor signal for
laser beam alignment when the switch is on. As a result, we
obtain a high-performance BHD with the electronic noise of
about —125 dBm, the maximum SNR of higher than 48 dB for
8 mW incident power, and the CMRR of higher than 59 dB in
the range from 1 kHz to 100 kHz.

2. SNR analysis of the balanced homodyne de-
tector

The main circuit diagram for the photodetector is shown
in Fig. 1. Firstly, when the switch S is on, the DC photocur-
rent is enabled and amplified via an operational amplifier (Op-
Amp, OP27) for laser beam alignment. When the switch S is
off, only the AC photocurrent is amplified via TIA (ADA4817-
1). Due to immunity to the impedance of the DC branch, the
electronic noise of the AC branch is greatly reduced at audio-
frequency band. A capacitance is mounted at the input end
of the AC branch to prevent the DC photocurrent from enter-
ing the AC branch and avoid the AC branch saturation. The
increase of the capacitance Cj is benefit to obtaining lower

cut-off frequency at the AC branch.>!! However, large capac-
itance Cj can also introduce excess electronic noise. In this
case, the capacitance C; of 47 uF is selected.
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Fig. 1. The schematic of the BHD with L—C coupling and TIA circuit.

It is well-known that a large number of classical low-
frequency noises!*?! from the solid-state laser, external envi-
ronment, and the BHD will inevitably be coupled into the de-
tection system. Even though the balanced homodyne detection
is an effective method to amplify the signal fluctuation and
reduce the electronic noise, the electronic noise puts a strin-
gent limit on the achievable SNR in the range from 1 kHz to
100 kHz. The model®?’?8! for analyzing the AC output noise
response of the BHD with TIA circuit is shown in Fig. 2. The
dashed frames mark the impedance of the DC amplification
branch and the equivalent circuits of the PDs, respectively.

— AC OUT
ADA4817-1

Fig. 2. The AC output noise response model of the photodetector. Some parameters are as follows: Io; = 2.5 fA/vHz, lgx; = gk = 0.3 nA,

Cdl = Cdl =5 pF, and Cin =14 pF.

2.1. Electronic noise analysis

The electronic noise of the photodetector with L—C com-
bination and TIA circuit can be classified into three parts: >3]
one is from the feedback resistor, another is from the PD, and
the third one is from Op-Amp.

The thermal noise caused by the feedback resistor Ry is

given by

€R¢, Thermal = V/ 4KTAf/Rf : |Zs| , 9]

where K is the Boltzmann constant, T is the absolute temper-

ature, and Af is the unity measurement bandwidth. Zg denotes
the gain impedance of the TIA circuit, which is given by

Zs =Re || (1/27fCy), 2

where Ct is the feedback capacitance, f is the analysis fre-
quency, and two parallel vertical bars || represent two com-
ponents in parallel. In order to simplify these expressions in
the following section, all of these components in parallel are
represented by ||.

The electronic noise of the PD composes of the shot noise
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caused by the dark current and the thermal noise generated by
the shunt resistor. Given that the dark currents of the PD1 and
PD2 are Igx; and Igxo, their induced shot noises Aipp pak and
Aipp2 Dark are written as

Aipp1 park = /2qla1 A, (3)
Aippo park = V/2qlaoAf, 4

where g is the electronic charge. The shot noises induced by
the dark currents of the PDs are too small to be taken into ac-
count compared to the thermal noise caused by the feedback
resistor.

The thermal noises of the PD1 and PD2 can be expressed
respectively in their current forms as follows:

Aipp1 Thermal = \/4KTAf /Rai, %)
AiPDZ,Thermal =V 4KTAf/Rd2a (6)

where Rg; = Vhias/lak1 and Rgy = Vhias/lako are the shunt re-
sistors of the PD1 and PD2, respectively. In the case of
Vbias = +5 V, the thermal noise current is around 10 times
lower than the shot noise of the dark current. Hence, the elec-
tronic noises of the PDs are not taken into account when cal-
culating the electronic noise of the photodetector.

The electronic noise contribution from the Op-Amp in-
cludes two parts: the input current noise and the input voltage
noise. If the input current noise of Op-Amp is I,;, its equiva-
lent contribution after the TIA is given by

€TIA,Current — Lnoi - |Zs‘ "V Af, (7

which can be neglected compared to the thermal noise caused
by the feedback resistor in the range from 1 kHz to 100 kHz.
Similarly, the electronic noise contribution from the input volt-
age noise of ej, is given by

€TIA,Voltage = €in |Zn| “VAS, (3

where |Z,| represents the TIA voltage noise gain and is ex-
pressed as

Zy=(Za+Z5)/Z. €))

Here, Z, includes two cases: Zg gc and Zg no—dc, Which respec-
tively refer to the input impedances of the TIA circuit with and
without the DC amplification branch and are expressed as

1 1
Z =
e = Hapcy | (jznfcl
1 1
R R Z 10
7 _ 1 H 1
o= T jamfCy '\ j2mfCy
1 1
R R 11
+Rat || Raz || 27fCa [ j27thd2>’ (11)

where Cq1, Cqp, and Cj, denote the junction capacitances of
the PD1, PD2 and the input capacitance of the TIA circuit, re-
spectively. Zy. represents the equivalent impedance of the DC
amplification branch and is given by

Zge =j2mfL1 4 (1/j27fCac) || Rac- 12)

Since all of the electronic noise terms (refer to Egs. (1) and (8))
mentioned above are uncorrelated, the total electronic noise of
the photodetector is given by

- 2 2
€EL,Noise — eRf,Thermal + eTlA.Voltage' 13)

By substituting Egs. (1) and (8) into Eq. (13), the total elec-
tronic noise can be deduced as

€EL Noise = \/4KT/Rf‘ |ZS|2 'Af+€izn . |Zn|2 Af (14)

According to Eq. (14), the total electronic noises with and
without the DC amplification branch can be calculated in the
range from 1 kHz to 100 kHz in terms of the TIA parame-
ters, which are shown in Fig. 3. It is worth noting that the
inductance L and input voltage noise e, differ in values for
different frequencies in the range from 1 kHz to 100 kHz. The
observed values in the frequencies of 1 kHz, 5 kHz, 20 kHz,
50 kHz, 70 kHz, 100 kHz are 32 mH, 3 mH, 500 puH, 348 uH,
344 uH, 342 pH and 12 nV/v/Hz, 6 nV/VHz, 5 nV/VHz,
45nV/ VvHz, 4.3 nV / VHz, 4 nv/ v/Hz, respectively. The re-
sults show that the electronic noise without DC amplification
branch is far smaller than that with DC amplification branch.
The reason is as follows: the thermal noise coming from the
feedback resistor is a dominant source of the electronic noise
without the DC amplification branch, the TIA voltage noise
is dominant in the electronic noise with the DC amplification
branch, and the thermal noise is far smaller than the TIA volt-
age noise. However, at MHz regime, the electronic noises with
and without the DC amplification branch, which mainly come
from the TIA voltage noise, are identical.
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Fig. 3. Simulation curves of the electronic noises of the photodetector
versus the analysis frequency with (red solid line) and without (black
dashed line) the DC amplication branch.
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2.2. SNR analysis

When two laser beams with equal power P are respec-
tively injected into the two PDs of the BHD with the same
responsivity of p, the illuminated photocurrents are given by

Ipp1 signal = IpD2,Signal = P X P. (15)

Their corresponding current densities are expressed as
Aipp1 signal = v/29IpD1 SignalAf s (16)
Aipp) Signal = v/ 2q1pD2 Signal Af - (17)

According to the principle of BHD, the total current spectral
density is expressed as

Aipp signal = /4qIpD1 SignalAf - (18)

By multiplying Eq. (18) with the gain impedance |Z;|, the sig-
nal intensity is given by

€Signal = AiPD,Signal : ‘Zs| . (19)
Thus the SNR of the photodetector can be expressed as
SNR = IOIg(eéignal/e%l,Noise)' (20)

Substituting Egs. (14) and (19) into Eq. (20), a general
expression for simulating the SNR is deduced as

(Aipp signat) - | Z|*

SNR = 101g . =
(4KT/Rf) : ‘Zs| ’Af+ein' ‘Zn‘ 'Af

}. 1)

According to Eq. (21), the feedback resistor plays a major
role in the SNR of the detector without the DC amplification
branch. However, the self-oscillation of the photodetector be-
comes possible with the increase of the feedback resistor. A
feedback resistor of 200 kQ2 is adopted to improve the SNR un-
der non-oscillatory premise. A parallel capacitor of 0.5 pF is
used to compensate the transfer phase delay. It is worth noting
that the signal at audio-frequency band is more vulnerable to
couple into the DC amplification branch. As a result, the sig-
nal shunting into the AC amplification branch becomes weaker
as the frequency decreases. Thus, the SNR of the photodetec-
tor without the DC amplification branch is far larger than that
with the DC amplification branch at audio-frequency band.

3. Experimental setup and results

We design and build the BHD with focus on measuring
the bright squeezed light in the frequency range from 1 kHz
to 100 kHz. The scheme, shown in Fig. 4, is constructed to
test the performance of the photodetector. The laser source
is a home-made single-frequency Nd:Y VO, laser at 1064 nm
with the maximum output power of 2 W, its output power can
be conveniently adjusted by a power adjustment system con-
sisting of a half-wave plate (HWP1) and a polarization beam

splitter (PBS1). The output beam of PBS1 is injected into the
electro-optic amplitude modulator (EOAM), which is modu-
lated by a signal generator connected with its RF input con-
nector. The PBS2 in combination with the EOAM serves as
amplitude modulation. The most important optical compo-
nent is a 50/50 beam splitter consisting of HWP2 and PBS3,
which can be used to finely tune the splitting ratio by rotating
the HWP2. The output beams from the PBS3 are injected into
two PDs integrated in the BHD after being focused with lenses
L1 and L2. The DC output of the photodetector is connected
with a digital oscilloscope (OSC) to verify whether the lights
are thoroughly received by each PD and meanwhile make sure
the powers of the lights injected into each PD are equal. The
AC output is connected with a spectrum analyzer (FSW-8) to
read the noise power. In our photodetector, two InGaAs PDs
(G8376-03) with the same performance parameters are used
as the optical receivers.

PBS1

= PBS2

Fig. 4. Experimental setup for measuring the performance of the pho-
todetector. ISO: isolator; HWP: half-wave plate; PBS: polarization
beam splitter; EOAM: electro-optic amplitude modulator; SG: signal
generator; BHD: balanced homodyne detector; OSC: oscilloscope; SA:
spectrum analyzer.

Firstly, the SNRs of the photodetector with and without
the DC amplification branch are measured. Changing the laser
power from 125 pW to 8 mW by a factor of two, the mea-
sured results with and without the DC amplification branch are
shown in Figs. 5(a) and 5(b), respectively. The experimental
results confirm that the electronic noise without DC amplifica-
tion branch is far less than that with DC amplification branch.
The change trend of the electronic noise is in good agreement
with the theoretical predication. It is worth noting that the
noise power with the DC amplification branch is independent
of the laser power in the range from 1 kHz to 20 kHz due to the
AC signal at the frequency band bypassed to the DC branch.
Meanwhile, the SNR increases with the analysis frequency.
There are two reasons: one is the reduction of the electronic
noise, and the other is the signal proportion increase through
the AC branch. However, the noise power without the DC
amplification branch entails a 3-dB shift of the corresponding
noise trace when changing the laser power by a factor of two.
The results indicate that the photodetector operates linearly in
the measurement regime. When the total laser power injected
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into the PDs equals to 2 mW, the photodetector demonstrates
a clearance of more than 30 dB between the quantum noise
and the electronic noise in the frequency region without noise
peak. A maximum clearance of 48 dB at 60 kHz is achieved
when 8 mW laser is illuminated into each PD. Thus, by adding
a switch at the DC branch and a capacitance at the AC branch,
the electronic noise of the AC branch is effectively reduced,
the SNR of the AC branch is significantly increased, and the
saturation problem of the AC branch is overcome for the de-
tection of the bright squeezed light. In addition, the DC branch
does also provide a monitor signal for laser beam alignment.
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Fig. 5. The SNRs of the photodetector (a) with and (b) without the DC
amplication branch measured at several incident powers. The traces
are pieced together from two FFT frequency windows: 1-12 kHz, 12—
100 kHz. Each point is the averaged rms value of 16 measurements.
The RBWs of the two windows are 30 Hz and 100 Hz, respectively.

Secondly, according to Ref. [2], the deviation between the
measured and real squeezed degrees grows with the increase of
the LO intensity noise, but the CMRR of the photodetector can
eliminate the impact of the LO intensity noise, which is depen-
dent on the level of the CMRR. The CMRR is another impor-
tant factor for the performance evaluation of the photodetector,
which shows the performance of eliminating the influence of
classical noise from the local oscillator. The CMRR is defined
as the ratio between the common mode signal and the differ-
ential mode signal. The results of CMRR are shown in Fig. 6.
The CMRR is higher than 59 dB in the frequency range from
1 kHz to 100 kHz. The inset shows the CMRR of 59.5 dB at
the analysis frequency of 6.1 kHz.
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Fig. 6. The CMRR of the photodetector without the DC ampliation
branch versus the analysis frequency at the incident power of 1 mW.

4. Conclusion and perspectives

We have developed a low-noise, high-gain BHD based on
the TIA technology and the L—C combination for the measure-
ment of the bright squeezed state in the range from 1 kHz to
100 kHz. A capacitance is mounted at the input end of the AC
branch to prevent the DC photocurrent from entering the AC
branch and avoid AC branch saturation. By adding a switch
at the DC branch, the DC branch can be flexibly turned on
and off on different occasions. When the switch is on, the DC
output provides a monitor signal for conveniently aligning the
laser beams to the PDs. When the switch is off, the electronic
noise of the AC branch is greatly reduced at audio-frequency
band due to immunity to the impedance of the DC branch,
hence the SNR of the AC branch is significantly improved.
As a result, the electronic noise of the AC branch is close to
—125 dBm, and the maximum SNR of the AC branch is 48 dB
for 8 mW incident power in the range from 1 kHz to 100 kHz.
The noise power without the DC amplification branch entails
a 3-dB shift of the corresponding noise trace when changing
the laser power by a factor of two, indicating that the pho-
todetector operates linearly in the measurement regime. The
CMRR of the AC branch is higher than 59 dB in the frequency
range from 1 kHz to 100 kHz. The developed photodetector
paves a path for measuring the bright squeezed state at audio-
frequency band.
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