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A balanced homodyne detection scheme with nanosecond time resolution and sub-shot-noise sensitivity
has been developed and successfully tested yielding an efficient detection scheme for high-speed quan-
tum-optical measurements and communication protocols, for example, quantum cryptography. The
parameters of the detector and its precise balancing allow complete characterization of quantum states
created by femtosecond light pulses that include the measurement of photon number, optical phase, and
statistical properties with a high signal-to-noise ratio for the whole bandwidth from DC to several tens of
megahertz. The electronic part of the detector is based on a commercially available amplifier that pro-
vides ease of construction and use while yielding good performance. © 2009 Optical Society of America
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1. Introduction

Balanced two-port homodyne detection represents a
well-established technique for measuring the ampli-
tude as well as the phase of an optical signal using a
pair of common intensity sensitive photodetectors
[1,2]. The measured signal is mixed on a beam split-
ter with a strong local oscillator beam with a well-
defined optical phase. The photocurrent difference
obtained from photodetectors placed at both output
ports of the beam splitter then carries information
about the amplitude quadrature or phase quadra-
ture of the input signal depending on the relative
phase-difference between the measured state and
the local oscillator [3]. Sampling the particular va-
lues of the photocurrent difference during repeated
measurements yields a probability distribution of
the quadratures within the limit of a high number
of acquired samples and in the case of unity detection
efficiency. Complete information about the quantum

state of the measured optical signal can be obtained
from the data measured in this way. For nonunity de-
tection efficiency the dependence is slightly more
complex, but the statistics of the input signal can
again be recovered [4].

Balanced homodyne detection (BHD) was origin-
ally designed for measurement in the frequency do-
main. Both a measured signal and a local oscillator
were obtained from continuous-wave sources, and
the photocurrent difference was analyzed with an
electronic spectrum analyzer. A narrow frequency
window was selected in which experimental noises
could be properly minimized. In this way, vacuum,
coherent, and squeezed states of light have been ana-
lyzed [5,6]. For pulsed sources, continuous-wave
BHD averages over many quantum states carried
by individual pulses that make the quantum state
of a particular pulse inaccessible. These limitations
have been overcome by use of the BHDmethod work-
ing in the pulsed regime. Pulsed BHD poses much
stronger requirements mainly on the electronic part
of the detector because the noise must be kept low
over a broader spectral region, going from DC to a
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source repetition rate or higher, and large amplifica-
tion of the photocurrent difference must be pre-
served. Pioneering works in this direction [7] were
performed below 1kHz and achieved a signal-to-
noise ratio (SNR) of approximately 9dB (the used de-
vice was capable of a larger bandwidth). However,
nontrivial quantum states are usually generated
by various methods of nonlinear optics in which peak
power of optical pulses is crucial and the majority of
suitable mode-locked laser sources work at a repeti-
tion rate of several tens of megahertz. It is advanta-
geous to make use of this high repetition rate for
another reason as well since it shortens the period
needed for data collection and reduces the difficulties
related to the stability of the experimental setup.
The detectors built by the Konstanz group [8] and
the Orsay group [9,10] could be operated up to
1MHz with SNRs of 14 and 11 dB, respectively.
Later, a group in Florence achieved BHD at a repeti-
tion rate of 82MHz with a SNR of 7dB when DC
coupled and 12dB when AC coupled [11,12]. Using
these detectors a complete characterization of quan-
tum Fock states containing one or two photons [12–
14], single-photon-added coherent states [15,16], sin-
gle-photon-subtracted squeezed states [17,18], and
Schrödinger cat states [19] were successfully accom-
plished. The fundamental commutation relation be-
tween the processes of adding and subtracting a
photon to and from an optical mode, respectively,
was verified [20]. In addition, time-domain BHD
was efficiently applied to quantum key distribution
protocol by use of Gaussian-modulated coherent
states [21,22], and its security against Gaussian
and non-Gaussian attacks was experimentally stu-
died [23,24] at a state production rate of 1MHz
(raw secret key rate of approximately 100kHz) with
a detector SNR of 20dB. The secret quantum key
rate is limited mainly by the bandwidth of the em-
ployed homodyne detector.
The success of these achievements is, in part,

based on laboratory development of specialized elec-
tronic circuits for the amplifier stage of a homodyne
detector and, to date, only a few groups have been
able to achieve that goal at the required level. Here
we present another way to build a broadband homo-
dyne detection scheme with nanosecond time resolu-
tion. Using the design of several stages of precise
optical and electronic balancing, we were able to
achieve a high SNR in the whole bandwidth from
DC to a mode-locked laser repetition rate.

2. Balanced Homodyne Detection

The light signal in a particular spatiotemporal mode
can be schematically described by a real electric field:

Eð~r; tÞ ¼ E0½αð~r; tÞei2πνt þ α�ð~r; tÞe−i2πνtÞ�
¼ E0½xð~r; tÞ cosð2πνtÞ þ pð~r; tÞ sinð2πνtÞ�; ð1Þ

where E0 is the amplitude of an electric field that cor-
responds to the vacuum (zero-point) strength of a

single mode with an energy of ћω=2. Dimensionless
parameters x and p correspond to cosine and sine
quadratures of an oscillating electric field. Within
the framework of quantum theory, the quadratures
are represented by operators x̂ and p̂ that form anni-
hilation operator â ¼ ðx̂þ ip̂Þ= ffiffiffi

2
p

. During balanced
homodyne detection, the signal light mode jψi is
mixed with a strong local oscillator mode jαi at the
balanced beam splitter (see Fig. 1). Detecting and
subtracting the output optical intensities yield a
photocurrent proportional to a photon-number
difference

n̂21 ≈
ffiffiffiffiffiffiffiffiffiffi
NLO

p
ðx̂ cos θ þ p̂ sin θÞ; ð2Þ

where NLO denotes the number of photons in a local
oscillator mode. The rotated quadrature q̂θ ¼
x̂ cos θ þ p̂ sin θ can be measured in this way by se-
lecting a proper relative phase θ between the signal
mode and the local oscillator mode. In addition to the
phase resolution, the signal is amplified by the factorffiffiffiffiffiffiffiffiffiffi

NLO
p

, and the local oscillator noise is suppressed
[3]. The photocurrent difference is further amplified
by an electronic amplifier with gain g. For a light sig-
nal in quantum state jψi, the the repeated measure-
ments of photocurrent in Eq. (2) yields a probability
distribution of the selected quadrature with a mean
value of hn̂21i ≈

ffiffiffiffiffiffiffiffiffiffi
NLO

p hψ jq̂θjψi and a variance of

var½n̂21� ≈ NLOvar½q̂θ� ð3Þ

in the limit of high number of the acquired samples.
The above expressions hold for unity quantum effi-
ciency of employed photodetectors, negligible losses,
perfect balancing, and ideal overlap between the sig-
nal and the stable local oscillator. For a nonideal case
the measured photocurrent reads

n̂21 ≈ gη
ffiffiffiffiffiffiffiffiffiffi
NLO

p
q̂θ þ g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ηð1 − ηÞNLO

p
ν̂

þ gδþ gNe þNd: ð4Þ

Here 1 − η represents the total power loss during the
detection process including a nonunity spatiotempor-
al overlap between the signal and the local oscillator,
ν̂ represents a quadrature of the vacuum mode, δ
characterizes the imbalance of the detector that
might depend on local oscillator power due to the
complex response of photodetectors. Parameter g is
the electronic gain, Ne represents an equivalent in-
put noise of the electronic amplifier given in noise
electrons in the temporal mode of our interest, and
Nd expresses the noise of the device that registers
the output of the amplifier. Reproducing the ideal de-
pendence in Eq. (2) at least for a finite interval of lo-
cal oscillator power while maintaining an as high as
possible SNR represents the main challenge of homo-
dyne detector alignment. Provided that all the terms
in Eq. (4) are independent and measure a vacuum
state, Eq. (3) can be replaced by
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var½n̂νac
21 � ≈ g2ηNLOvar½ν̂� þ g2f ðvar½δ�Þ þ g2hN2

ei
þ hN2

di; ð5Þ

where f ðvar½δ�Þ describes the extent to which the
variance is artificially enlarged due to instabilities
of detector balancing. If these instabilities are inde-
pendent of local oscillator power, a linear dependence
of the variance of the photocurrent difference onNLO
is expected with offset at zero power given by elec-
tronic noise.

3. Construction of the Detector

We have designed both the optical and the electronic
parts of the detector with emphasis on precise balan-
cing of the photocurrents from the photodetectors
used (see Fig. 1). The optical part of the homodyne
detector is based on a custom-made 50=50 beam
splitter (BS in Fig. 1) from EKSPLA, Vilnius, Lithua-
nia, designed for a 10 deg angle of incidence. The
measured quantum state jψi is at one input port of
the beam splitter where it is mixed with a coherent
state jαi obtained from a femtosecond mode-locked
Ti:sapphire laser oscillator coming to the other port
(pulse width of 230 fs FWHM, repetition rate of
53:8MHz). The phase of the local oscillator θ is con-
trolled by the path-difference change caused by mo-
vable mirror MLO on a piezoelectric drive. The
intensity of the local oscillator can be precisely ad-
justed with a polarization attenuator based on a
half-wave plate (HWP1) and a Glan–Thompson po-
larizer GT1. Beams from both output ports of the
beam splitter are reflected from adjustable mirrors
M1 and M2 to the silicon PIN detectors D1 and D2
after being focused with lenses L1 and L2 to spots
safely smaller than the detector active area. Another
half-wave plate (HWP2) is used to fine tune the beam
splitter splitting ratio that is due to its residual de-
pendence on polarization. Similarly, HWP3 fine
tunes the effective quantum efficiency of detector
D2 by use of polarization dependence of Fresnel re-
flection at the detector’s surface.

Hamamatsu S3883 PIN photodiodes were used as
photodetectors because they offer a high cutoff fre-
quency of 300MHz, a low dark current of less than
50pA, and specified quantum efficiencies of 91.9%
at 800nm. We increased the effective quantum effi-
ciency of the detectors (þ0:6%) by removing the input
window; this parameter also depends slightly on the
bias voltage, which is supplied by a stabilized source
tunable in the 1:2–12V range with typically used
values around 3V. The difference in bias voltage
for both detectors is precisely adjustable in the
0–1:2V range with millivolt precision, and it can
be used to fine tune the diode response and therefore
balance the photocurrent subtraction. The subtrac-
tion of photocurrents is performed in a passive diode
module (DM) that contains only contacts for diodes
and bias voltages and filtering capacities. The length
of all connections is optimized to minimize noise. The
output of the module is connected by use of the BNC
to the input of a low-noise transimpedance amplifier
(HCA-40M-100K-C, Femto Messtechnik, Berlin, Ger-
many). The amplifier has a nominal bandwidth of
40MHz and a gain of 1 × 105. Despite the fact that
the nominal bandwidth of the amplifier is slightly
lower than the repetition rate of our laser source, in-
dividual pulses are still well separated in the ampli-
fied signal as can be seen in the Fig. 2 inset. To
support this fact we also evaluated the normalized
correlation coefficient of the n-th and ðnþ 1Þ-th wa-
veform corresponding to a single quadrature mea-
surement [25] and found a value of 0.07 (averaged
over 100 measurements). The output of the amplifier
is fed through an optional AC coupling (high pass
with a 3dB cutoff at 1:5MHz) either to a digitizing
oscilloscope (WavePro 7200A, LeCroy, Chestnut
Ridge, New York) or a spectrum analyzer (N9320A,
Agilent, Santa Clara, California). Both instruments
are used to determine precise adjustment to optimize
subtraction of the photocurrents. In addition, the os-
cilloscope enables the data collection working as a
fast 8 bit digitizer synchronized with a laser oscilla-
tor. In this regime its bandwidth is limited to
200MHz and a maximum sampling rate of 20 GSam-
ples/s is used. Data were collected in 50 μs long
batches (approximately 2500 laser pulses). The mea-
sured quadrature is computed as an area (in volts) of
the difference signal multiplied by a weight function
given by an unbalanced pulse-shape integrated over
one period of the laser oscillator. The result of one
batch is therefore approximately 2500 quadrature
values.

4. Balance and Stability of the Detector

Balancing the homodyne detector is performed by
manipulating several components of the experimen-
tal setup (see Fig. 1). Rough balance is achieved at a
lowered local oscillator power (set by HWP1 þGT1)
so that the detectors and amplifier are not saturated.
Coarse balancing is done by setting the polarization
state using HWP2 and HWP3 and by moving the
beam spot on the detector surface using fine

Fig. 1. (Color online) Scheme of the homodyne detector; see de-
tailed description in the text. Inset, scheme of the diode module.
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adjustments of M1 and M2. Fine tuning the differ-
ence signal can be achieved at a normal working
power (several milliwatts average power of the
local oscillator) by setting different bias voltages at
diodes D1 and D2. The success of the balancing
process is confirmed at the spectrum analyzer or
the oscilloscope.
A typical result of the balancing process at the

spectrum analyzer is shown in Fig. 2. Dashed line
a indicates the spectrum of the unbalanced detector
(one detector blocked) at a local oscillator power of
60 μW (higher power would saturate the amplifier).
Three peaks are visible that correspond to the repe-
tition rate of the laser oscillator (53:8MHz) and its
harmonics. Dash–dot curve c corresponds to the spec-
trum of the electronic noise of the homodyne detector
without any light signal; solid curve d shows the
noise spectrum of a balanced detector at a typical op-
erating power of 8mW. We can see that, at the laser
repetition rate, the detector can be balanced to the
level of the noise. The amount of signal subtraction
from both detectors can be characterized by the com-
mon-mode rejection ratio (CMRR) defined as the ra-
tio of the power measured when both detectors are
illuminated by the power measured on one detector
when the other is blocked. Assuming the linearity of
the spectrum analyzer response we obtain in the
frequency window of the laser repetition rate
CMRRf ð53:8MHzÞ ¼ 61:8dB. If we compare the
areas between curves d and b versus c and b (see
Fig. 2), we obtain an estimate of the detector SNR
in the spectral domain. For the local oscillator power
of 8mW we arrive at the value of 9:3dB (the area in
the frequency band of 10–200MHz has been taken
into account). In the time domain (at the oscilloscope)
the balancing of the order of 10 pV (using AC cou-
pling) or 70pV (DC coupling) at 8mW of the local
oscillator power is routinely achieved. Assuming
the linearity of the photodiodes and the amplifier,
the computed area of the unbalanced pulse at

8mW is 3885nVs so that the CMRR in the time
domain evaluates as CMRRAC ¼ 55:9dB and
CMRRDC ¼ 47:4dB. For short periods of time, balan-
cing of the order of picovolt-seconds (≈65dB) can be
achieved.

It is worth noting that, although setting HWP2
contributes to optimum balancing of the detector
when the vacuum state is measured (as in this pa-
per), it could also have a negative impact on mode
matching between signal and local oscillator beams
for nonvacuum signals. For such measurements, a
half-wave plate is also used in the signal beam, in
front of the BS, and optimization of mode matching
is performed iteratively with coarse balancing.

Balancing the detector is not stable but rather
drifts due to instabilities of the experimental setup
and environmental influences. We suspect air cur-
rents in the laboratory and random electronic noise.
For short periods of time (<10−4 s), this instability
manifests typically as a linear drift. For longer per-
iods of time the instability resembles slow oscilla-
tions around the balanced state. We analyzed the
speed of these drifts capturing large data batches
(>1ms) and found typical unbalancing speeds of
the order of 50 fVs=μs. This represents a total change
of the quadrature mean value of the order of 2:5pVs
per one measurement batch (50 μs), which is a few
percent of the typical measured width of the quadra-
ture distribution (see Fig. 5 for an example).

The stability of the detector can be well expressed
using the relative Allan variance defined by

σ2ðτÞ ¼

�
1
2 ðhqin − hqin−1Þ2

�

fqg ; ð6Þ

where q is the quadrature value, angle brackets de-
note averaging over an interval of duration τ, and
braces average the whole data batch (see Fig. 3).
The minimum of the Allan variance shows the opti-
mum length of the measured batch where the best
precision is achieved when measuring a fluctuating
signal. For short batches the precision drops because
of the low number of data values; for large batches
the precision is lowered by the signal fluctuations
and instabilities of the measurement setup. We
can see that our selected batch length of 50 μs is close
to the optimum.

5. Homodyne Detection of the Vacuum State

Operation of the homodyne detector can easily be de-
monstrated by a simple experiment when the signal
beam is blocked and only the local oscillator at var-
ious powers is measured, which corresponds to the
homodyne detection of a vacuum state (jψi ¼ j0i) of
the signal and the measurement of its zero-point
fluctuations (shot noise). According to the theory,
the magnitude of the variance of the photocurrent
difference should scale linearly with the local oscilla-
tor power.

Fig. 2. (Color online) Balancing the detector at the spectrum ana-
lyzer. Line a, spectrum of the unbalanced detector at a lower
power; curve b, spectrum analyzer internal noise reference; curve
c, electronic noise (with the light signal blocked); curve d, balanced
detector at normal operating power. Inset, individual pulses and
the difference signal as seen on the oscilloscope.
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We took measurements of the noise variance to de-
termine the local oscillator power in the 0–12mW
range. A pair of diodes with similar responses with
removed protective windows was selected from a lar-
ger purchased batch. Figure 4 shows the results for
both AC coupling and DC coupling. In both cases we
obtained almost identical results. The detector shows
good linearity between 2 and 12mW, which repre-
sents successful balancing up to 109 photons per local
oscillator pulse, which is comparable to the reported
values of 1MHz [24] for a smaller bandwidth.
The nonlinearity of the curves for low powers of the

local oscillator (<2mW) is to a large extent caused by
the instability of the detector. When the signal is low,
it is difficult to judge the magnitude of the drift of
balancing and the measurement is more likely to suf-
fer from artificial enlargement of the variance as de-
scribed by the second term in Eq. (5). At 8mW, we
obtained a larger than 10dB SNR; at 12mW we

obtained more than 12dB SNR. To our knowledge,
this represents the highest dynamic range of a
DC-coupled balanced homodyne detection scheme
achieved to date. We found it difficult to balance
the detector for local oscillator power substantially
larger than 12mW. These results obtained in the
time-domain measurements are slightly better
than those obtained in the frequency domain. One
must realize, however, that the procedures used
for balancing in both domains are different and
the bandwidths also differ. Figure 5 shows a typical
measurement result of statistics of a quantum state
(i.e., vacuum state in this case) and a histogram of
the quadrature values at 8mW local oscillator power
is plotted. It is obvious that the data correspond well
with the Gaussian distribution, as expected.

6. Conclusion

A broadband balanced homodyne detector with nano-
second time resolution has been developed and thor-
oughly tested. The novel construction yields several
degrees of freedom to set precisely the balanced op-
eration that enables the detector to work efficiently
for high local oscillator powers up to 109 photons/230
fs pulse (1kW of peak power) even when DC coupled.
We achieved a signal-to-noise ratio of 12dB for a
DC-coupled detector that functions in the frequency
interval from 0 to 54MHz. The AC coupling gives al-
most the same SNR that proves high resistance to
low-frequency drifts and high stability of the detec-
tor. The acquisition times from 50 to 100 μs cover
several thousand laser pulses and yield the mea-
sured quadrature ensembles with minimum Allan
variance. Thus, high data collection rates are possi-
ble. With these parameters the developed homodyne
detector can be used for measurement and detailed
characterization of quantum states of light including
nonclassical states or for high-speed quantum
information processing.
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istry of Education of the Czech Republic, projects

Fig. 3. (Color online) Relative Allan variance for a data batch of
500 μs (27300 laser pulses).

Fig. 4. (Color online) Variance of the quadrature of the vacuum
state measured as a function of local oscillator power by use of AC
coupling (solid curve, rectangles) and DC coupling (dashed curve,
circles) and a pair of selected S3883 photodiodes. The values ob-
tained for electronic noise were 1930 � 160 ðpVÞ2 for AC coupling
and 1980 � 170 ðpVÞ2 for DC coupling. Individual points were ob-
tained as a mean value of the variance over approximately 30,000
quadrature measurements.

Fig. 5. (Color online) Histogram of the quadrature values for
shot-noise measurement of the local oscillator at 8mW average
power. Data were obtained from a sequence of 5465 pulses
(100 μs batch). Solid curve respresents the Gaussian fit.
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