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Abstract
The detection of single photons plays an essential role in advancing single-photon science and
technologies. Yet, within the visible/near-infrared spectral region, accurate fibre-based optical
power measurements at the few-photon level are not yet well-established. In this study, we
report on a fibre-based setup, enabling traceable optical power measurements at the few-photon
level in this spectral region. The setup was used to calibrate the detection efficiency (DE) of four
single-photon avalanche diode (SPAD) detectors. The relative standard uncertainties on the
mean DE values obtained from repeat fibre-to-detector couplings ranged from 0.67% to 0.81%
(k = 2). However, the relative standard deviation of DE values, which ranged from 1.38% to
3.20% (k = 2), poses a challenge for the metrology of these devices and applications that
require high accuracy and repeatability. We investigated the source of these variations by
spatially mapping the response of a detector’s fibre connector port, using a focused free-space
beam, allowing us to estimate the detector’s spatial non-uniformity. In addition, we realise a
novel calibration approach for fibre-coupled SPADs in a free-space configuration, enabling a
direct comparison between the fibre-based setup and the National Physical Laboratory’s
established free-space facility using a single SPAD. Finally, we investigated alternative coupling
methods, testing the repeatability of different fibre-to-fibre connectors in addition to direct
fibre-to-detector couplings: SPADs from three manufacturers were tested, with both
single-mode and multi-mode fibre.

Keywords: single-photon avalanche diode, Si-SPAD, fibre-coupled, detection efficiency,
detector calibration, repeatability, SI traceable

1. Introduction

Single-photon detectors are being used in an expanding
range of applications—see figure 1 in [1]. Examples include
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low-light sensing and surveillance [2], medical imaging [3, 4]
and astronomy [5, 6]. Another category of applications cov-
ers new and emerging quantum technologies, such as quantum
random number generation [1, 7] and quantum key distribution
(QKD) [8–14].

The performance of these applications, along with many
others, are highly dependent on the parameters of the single-
photon detectors employed, driving a corresponding need for
enhanced metrological measurement capabilities. As a res-
ult, many national metrology institutes (NMIs) have com-
mitted significant efforts to the development of SI traceable
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optical power measurements at the few-photon level. Across
the visible/near-infrared (vis/NIR) region of the spectrum
there are well-established capabilities in free-space [15–23]
and similar across the telecom C-band in fibre [15, 24–28].
However, fibre-based capabilities in the vis/NIR are less well-
established, as are those in free-space within the telecom C-
band [29]. With some applications now traversing the inter-
face between these two optical channels [30, 31], efforts must
now be made to fill these gaps.

In this work we present a simple, easy-to-assemble set-up
which addresses the need for SI traceable optical power meas-
urements in fibre in the vis/NIR spectral region. This set-up
was used to measure the detection efficiency (DE) of four
low-noise Hamamatsu C13001-01 single-photon avalanche
diodes (SPADs), labelled SN1 through SN4. Measurements
were traceable to the National Physical Laboratory’s (NPL’s)
primary optical standard [32] at a wavelength of 633 nm. In
addition, for the first time, we demonstrate the calibration of
a fibre-coupled device in a free-space setup, enabling a dir-
ect comparison between these two optical configurations on a
single SPAD. We then use this technique to compare the DE
results obtained from the fibre setup with those from NPL’s
established free-space detector calibration facility [23, 33].
Finally, we present the results of an investigation into alternat-
ive fibre-to-detector coupling methods in an effort to improve
the measurement repeatability of future measurements. This
work is an important step towards establishing a suite of met-
rological measurement capabilities, spanning both spectral
bands, within fibre and free-space channels.

2. Measurement setup and characterisation

The experimental approach comprises two steps: firstly, the
attenuation between a monitor photodiode and a calibrated
reference photodiode is measured; secondly, this attenuation
factor is applied to a series of low-power measurements with a
single-photon detector in place of the reference detector. The
focus of this section is on the first step.

Figure 1 illustrates the setup. The photon source is a con-
tinuous wave (CW) 633 nm pigtailed laser diode which is
coupled to two variable optical attenuators (VOAs) in series
by single-mode fibre (SMF): VOA (1) limits the optical power
and VOA (2) is used to vary the power to a desired photon
flux over a 40 dB range. The second VOA is connected to
an Agiltron 1× 2 optical micro-electro-mechanical system
(MEMS) switch with a crosstalk extinction greater than 60 dB
that serves as a fibre shutter. For background measurements,
light is terminated into a Thorlabs FTAPC1 fibre-optic termin-
ator; for light measurements the optical path is switched, and
the light is split into two channels via a 99:1 fibre-splitter: the
99% arm is the monitor channel, and the 1% arm is the start
of the attenuated channel. The monitor channel is connected
to a photodiode (PDmon) and the corresponding photocurrent
(Imon) is amplified and converted into a voltage (Vmon) by a cal-
ibrated trans-impedance amplifier (TIA). The TIA is connec-
ted to a calibrated digital voltmeter (DVM) which is read by
automated LabVIEW software. The attenuated channel begins

Figure 1. Schematic of the experimental setup. A continuous wave
(CW) 633 nm pigtailed laser diode is connected to either the device
under test (DUT) or the reference photodiode (PDref) via two
variable optical attenuators (VOAs), an optical MEMs switch, two
99:1 fibre-beam-splitters, a coiled fibre and a multi-mode (MM)
fibre. The laser power is monitored with photodiode PDmon. Green
rectangles mark ferrule connector/angled physical contact
(FC/APC) connections and yellow rectangles mark ferrule
connector/physical contact (FC/PC) connections.

with the output of the 1% arm of the first fibre-splitter which is
connected to a second 99:1 fibre-splitter. A coiled fibre, with
a coil diameter of 25 mm, is linked to the 1% output of this
second splitter, serving to remove cladding modes. The final
fibre of the attenuation channel is a multi-mode fibre (MMF)
with a 50 µm core diameter. The total attenuation of the chan-
nel, which is of the order of 50 dB, is due to the fibre-splitters
and the combined insertion loss of the fibre connections. The
output of the MMF, which is used in this study as it matched
the fibre intended for use in the detectors’ application post-
calibration, may be switched between a fibre-coupled refer-
ence photodiode (PDref) and a device under test (DUT). PDref

is a windowless Hamamatsu S1337-1010BQ photodiode [34],
calibrated in free-space with traceability to NPL’s cryogenic
radiometer. Its output photocurrent Iref is amplified and con-
verted to a voltage (V ref) by a calibrated switched integrator
amplifier (SIA) [35, 36]. All fibre connections are ferrule con-
nector/angled physical contact (FC/APC) with the exceptions
being those to theMMF and the pigtail of the laser diodewhich
are ferrule connector/physical contact (FC/PC); fibre suitable
for single-mode propagation at 633 nm is used throughout,
except for the MMF patch cord.

The attenuation factor (β) between the monitor channel and
the attenuated channel is defined as the photocurrent ratio:

β =
Iref
Imon

=
Vref

Gref
·
Gmon

Vmon
, (1)

where Gmon and Gref are the respective TIA and SIA ampli-
fier gain coefficients. The optical powers must be above the
noise floor of the reference diode which is in the order of
picowatts; whilst the optical power incident upon the monitor
diode must be less than 0.4 mW to ensure linearity [37]. As
the fixed attenuation between the two channels is of the order
of 50 dB, this gives approximately two orders-of-magnitude
of optical power to perform the measurement. Although the
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fixed attenuation could be reduced to increase this range, it
would also reduce the signal-to-background (S/B) ratio of the
monitor photodiode during the DE measurement. Finally, we
note that the splitting ratios of the fibre-beam-splitters are tem-
perature and polarisation dependent. We mitigated this effect
by securely fixing all fibres to an optical table which provides
mechanical stability and acts as a large heatsink within a
21.0(5) ◦C temperature stabilised lab. The temporal stabil-
ity of the attenuation ratio (β) demonstrated the effectiveness
of this approach, with a calculated relative standard deviation
of approximately 0.1% over the 1.5 h measurement duration.
A summary of the attenuation factor results can be found in
appendix A.

3. Fibre-coupled detection efficiency

The optical power measured by the under-filled reference pho-
todiode (Pref) is equivalent to that exiting the MMF (PMM)
since there are no additional interfaces between the fibre
and the photodiode’s surface. Therefore, Pref = Vref/(Gref ·
R633) = PMM, where R633 is the spectral responsivity of PDref.
The same applies when coupling to the FC-port of the SPAD.
Within the FC-port, there is a fixed gradient-index (GRIN)
lens which focuses the diverging beam onto the active area;
however, this is considered as part of the detection system.
By substituting the above equation into equation (1) and re-
arranging for PMM the optical power can be inferred from the
output voltage produced by PDmon with

PMM =
Vmon

Gmon
·

β

R633
. (2)

It then follows that the mean number of photons exiting the
MMF can be written as

Ninf =
Vmon

Gmon
·

β

R633
·
λ633

h · c
·Cdiv, (3)

where N inf is the inferred mean photon number per second,
λ633 is the wavelength of the laser, h is Planck’s constant, c is
the speed of light andCdiv is a correction factor which accounts
for beam divergence as it exits the fibre (see section 5.4.3 for
further information). With this, PDref may be switched for the
DUT, and the input power reduced to an amount measurable
by both the DUT and PDmon. The DE (η) is then calculated as

η =
Ncounts −Nbg

Ninf (1−Ncounts · τd)
, (4)

where Ncounts is the averaged number of recorded detection
events per second, Nbg is the averaged number of recor-
ded background counts per second and τ d is the detector’s
dead time which is measured in a separate experiment (see
section 5.6). (Ncounts −Nbg)/(Ninf) is defined as the detection
probability which appears to decrease as a function of incid-
ent photon number. This decrease is primarily due to detector
dead time [38]: as the detector spends an increasing proportion
of the time in its off-state the number of missed photons also

Figure 2. Photon detection efficiencies for the Hamamatsu
detectors.

increases, the (1−Ncountsτd)
−1 factor corrects for this and is

commonly applied to devices with a fixed dead time [39].
A short derivation of equation (4) which also considers the
source statistics is presented in appendix B. In all measure-
ments the number of incident photons upon the detector was
set to approximately 105 per second by VOA 2. The detector
S/B ratios were greater than 103, with the average background
counts registered by each detector being less than 5 per second.
However, at these optical powers the monitor S/B ratios were
as low as 1.6.

4. Measurement results

Five measurements for each detector were performed, each
measurement contained a series of five light and dark expos-
ures. Each light exposure was followed by a dark exposure.
Light exposures were taken for five seconds, with twenty-five
readings measured for 0.2 s each. However, due to a latency
between readings in our software, the twenty-five light read-
ings are recorded over approximately 13 s. This duration is
close to the optimum integration time of around 30 s as sub-
sequently determined from the Allan deviation of the laser’s
optical power. Dark exposures were constructed from ten read-
ings, each measured for 0.2 s. The number of dark readings
was reduced due to the negligible background count rates;
for detectors with higher intrinsic dark count rates and/or
increased background levels, longer exposures are required.
Between each measurement, the MMFwas disconnected from
the SPAD’s FC-port, cleaned, inspected, and reconnected to
test the coupling repeatability. Figure 2 displays the measure-
ment results. Blue circles mark the five fibre-to-detector coup-
ling repeats, with error bars marking standard uncertainties.
Orange squares mark the weighted mean of the five coupling
repeats for each detector, with an overall expanded uncertainty
at k = 2.

The origin of the larger error bars for a specific coupling,
which aremost prominent in SN1 and SN2, have been traced to
fluctuations in themonitor photodiode’s output voltage (Vmon).

3
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Table 1. Summary of detection efficiency results obtained from
repeat couplings, including standard uncertainties (Std. Unc.) and
standard deviations (Std. Dev.).

Detection Std. Unc. Std. Dev.
Detector efficiency ηd U(ηd) (k = 2) (k = 2)

SN1 0.3279 0.0022 0.0105
SN2 0.3618 0.0027 0.0050
SN3 0.2817 0.0020 0.0052
SN4 0.3102 0.0025 0.0072

These fluctuations were not evident in the count rate recorded
simultaneously by the SPAD detector, indicating they are not
optical in origin. Although the exact cause is uncertain at
present, they may be due to thermoelectric potentials at the
µV level which could be reduced by increasing the amplifica-
tion gain. They may also be statistical, arising from operating
the monitor close to its noise floor.

The results are summarised in table 1. The weighted mean
and its associated standard uncertainty (Std. Unc.) provide the
best estimate of the detector’s efficiency, as they are based on
multiple repeat fibre couplings. The standard deviation (Std.
Dev.) of repeat couplings is also significant and are therefore
included in the table; a single coupling of the detector should
take into account this k = 2 value, which provides a 95% con-
fidence that the DE will fall within the uncertainty obtained by
combining the Std. Unc. and the Std. Dev. in quadrature. Both
these uncertainties should be provided as part of a calibration.

The weighted mean DE value for each detector ηd was cal-
culated with

ηd =

∑n
i=1wi · ηd,i
∑n

i wi
, (5)

where ηi and wi are the respective efficiency and weighting of
the ith coupling measurement; wi is defined by the ith coup-
ling’s standard uncertainty U(ηd,i):

wi = U(ηd,i)
−2

.

The combined standard uncertainty of the mean value is then

U(ηd) =
1

√

∑n
i=1U(ηd,i)

−2
, (6)

where n is the number of repeat couplings. U(ηd) is then
expanded to the 95% confidence interval with a coverage
factor k obtained from Student’s t-inverse function with the
measurement’s effective degrees of freedom, as described in
sections G.4.1 and C.3.8 of the Guide to the Expression of
Uncertainty in Measurement (GUM) [40].

5. Measurement uncertainty

Table 2 summarises the measurement uncertainty for the DE
of detector SN1. It comprises three distinct components/sec-
tions. The first (uppermost) section covers the attenuation
factor measurement (β–equation (1)) at a single optical power

following the measurement procedure outlined in section 2.
The second section covers the calculation of the inferred mean
photon number (N inf–equation (3)) for a single coupling meas-
urement at a constant photon flux, as described in section 3.
The attenuation factor used in this calculation is an average
of repeated measurements across multiple optical powers and
is therefore denoted by β. The third section covers the cal-
culation of the detector’s DE obtained from the first coupling
(ηSN1,1–equation (4)). Below this, within the fourth section,
is ηSN1—the weighted mean value which was presented in
table 1. The total expanded uncertainty was calculated with
a coverage factor of k = 2.02 with ν = 43 effective degrees
of freedom. In the following subsections each component is
considered in detail.

5.1. Constants

Planck’s constant: h= 6.62607015 · 10−34 Js.
Speed of light in vacuum: c= 299792458 ms−1.

5.2. Wavelength

The optical spectrum of the Thorlabs pigtailed laser diode
(LP633-SF50) was measured with a Yokogawa AQ6370D
optical spectrum analyser (OSA) which was calibrated to the
vacuum wavelength transition of the HeNe line at approxim-
ately 633 nm. A conservative uncertainty was given, which is
obtained from the full width at half maximum (FWHM) of the
spectral power distribution

λ633 = 632.97± 0.49 nm.

5.3. Spectral responsivity

The spectral responsivity of the reference photodiode was
calibrated in free-space against a reference 3-element-trap
detector, whose calibration is traceably linked to NPL’s cryo-
genic radiometer, the primary standard for optical power
[32]. The calibration was performed with the same laser used
throughout this study in NPL’s free-space calibration facility
[23, 33]

R633 = 0.35260(57) AW−1.

5.4. Voltages and amplification gain coefficients

Calibrated amplifiers were used to convert the monitor and
reference photodiode output currents to measurable voltages.
Voltages were read with calibrated Keithley 2000 DVMs.
Calibrations were performed internally at NPL4,5.

5.4.1. Reference photodiode. The reference photodiode
was used in the characterisation of the attenuation factor (β).

4 National Physical Laboratoy, Department of Electromagnetic &
Electrochemical Technologies, London, TW11 0LW.
5 National Physical Laboratoy, Department of Optical Radiometry, London,
TW11 0LW.
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Table 2. Uncertainty budget for a single detection efficiency measurement performed on detector SN1. The combined standard
uncertainties were calculated as described in section 5 of the Guide to the Expression of Uncertainty in Measurement [40], see section 5.1.3
for information on sensitivity coefficients and contributions. The presented values are truncated for clarity; however, all calculations were
performed using the full precision of the data. Uncertainties are presented at k = 1 unless stated otherwise.

Measurand Value
Standard uncertainty
(u) Distribution

Sensitivity coefficient
(c)

Contribution
(u·c)

Relative contribution
(u · c)2/U2

Vmon 3.1025 V 7.5218·10−4 V Normal −1.1409·10−5 V−1
−8.5824·10−9 0.3383

Gmon 9.9985·103 VA−1 0.9998 VA−1 Normal 3.5404·10−9 AV−1 3.5399·10−9 0.0575
Vref 10.9945 V 3.156·10−3 V Normal 3.2197·10−6 V−1 1.0164·10−8 0.4745
Gref 1.0009·109 VA−1 1.5014·105 VA−1 Normal −3.5366·10−14 AV−1

−5.3099·10−9 0.1295
β 3.5400·10−5 1.4754·10−8 Normal

h 6.62607015·10−34 Js 0 0
c 299 792 458 ms−1 0 0
λ 632.97 nm 0.4900 nm Normal 1.4161·1011 m−1 s−1 69.3891 s−1 0.0117
β 3.5341·10−5 4.6312·10−9 Normal 2.5363·109 s−1 11.7461 s−1 0.0003
Vmon 2.8056·10−5 V 1.3348·10−7 V Normal 3.1949·109 V−1 s−1 426.4540 s−1 0.4448
Gmon 9.9964·104 VA−1 9.9964 VA−1 Normal 8.9667·10−1 AV−1 s−1 8.9635 s−1 0.0002
R633 0.3526 AW−1 5.7122·10−4 AW−1 Normal 2.5421·105 WA−1 s−1 145.21 s−1 0.0516
Cdiv 1.000 0.005 Rectangular 8.9635·104 s−1 448.1755 s−1 0.4910
Ninf 89 635 s−1 639.4088 s−1 Normal

Ncounts 29 744 s−1 46 s−1 Poissonian 1.1172·10−5 s 5.0887·10−4 0.0441
Ninf 89 635 s−1 639 s−1 Normal −3.7046·10−6 s −2.3688·10−3 0.9558
τd 23.2·10−9 s 5·10−10 s Normal 9.8839·103 s−1 4.9419·10−6 0.0000
ηSN1,1 0.3320 0.0024 Normal

ηSN1 0.3279 0.0022 (k = 2) Normal

To ensure linearity, β is measured over a range of powers as
described in section 2; the voltage presented below corres-
ponds to a single optical power.

Gain coefficient: Gref = 1.00090(15) · 109 VA−1; Mean
voltage: Vref = 10.9946(32) V.

5.4.2. Monitor photodiode. The monitor photodiode is
required for measuring the attenuation factor (β) and inferring
the mean photon number (Ninf). In both these measurements
the uncertainty in the voltage output of the TIA is signific-
ant and may be attributed to the inherent noise characteristics
associated with low-level optical powers. The voltages presen-
ted below correspond to single optical powers.

β measurement, gain coefficient: Gmon = 9.9985(10) · 103

VA−1; mean voltage: Vmon = 3.1025(8) V.
Ninf measurement, gain coefficient: 9.9964(10) · 104 VA−1;

mean voltage: Vmon = 2.806(13) · 10−5 V.

5.4.3. Beam divergence correction. As the spectral
responsivity of the reference photodiode was calibrated with a
collimated beam, an additional uncertainty factor is included
to account for the beam divergence as it exits the fibre during
the characterisation of β. This dominant uncertainty contri-
bution, which is dependent on the purity of the polarisation,
is not expected to be significant from the Fresnel equations.
However, by measuring the photodiode’s response with a
collimated beam as a function of incidence angle, a depend-
ence was determined empirically. The maximum variation of
the photodiode’s response with respect to incident angle was

then used as the uncertainty contribution. We anticipate that
this conservative estimate may be reduced with further work

Cdiv = 1.000(5) unitless.

5.5. Detector clicks

The detector clicks were counted with a Keysight 53220A
frequency counter. The uncertainty on the mean was estim-
ated from the counting statistics, after the subtraction of back-
ground counts

Ncounts = 29744(46) s−1.

5.6. Dead time

The dead time of the detector was measured with a Fast
Comtec MCS6A event time-tagger whilst the detector was
illuminated by a flux corresponding to approximately 10k
counts per second. An assessment of the time differences
between adjacent detection events was used to evaluate both
the dead time and recovery time (see figure 13 in [1])
of the device: the difference between these two response
factors was found to be insignificant when applied to the
DE calculation. A conservative uncertainty of 500 ps was
assigned to τ d, which was estimated by measuring the
time-tagger’s electronic jitter with regular electrical pulses
provided by a Tektronics AWG70001A arbitrary waveform
generator

τd = 23.2(5) ns.

5
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6. Spatial response mapping

Spatial mapping of a detector’s responsivity plays a crucial
role in quantifying an uncertainty contribution which arises
from non-uniformity; furthermore, non-uniformity can be a
key parameter for applications where the spatial location of an
incident source may vary as a function of time [41]. Mapping
the response generally involves moving the detector relat-
ive to a fixed beam with translational staging whilst record-
ing detector clicks as a function of excitation location [18].
However, within the FC-port of the Hamamatsu C13001-01
detectors sits a GRIN lens of unknown specification. As we
are unable to remove the lens it is only possible to get an
estimate of the detector’s spatial uniformity. To do this, we
placed detector SN1 into NPL’s free-space detector calibration
facility [23] and mapped the device’s FC-port with a focused
Gaussian beam with a 20 µm beam waist. The corresponding
spatial response map, which is normalised by the maximum
response value, is presented in figure 3.

To align the detector, we first optimised the position relat-
ive to the focal plane (z-axis): we defined optimal alignment to
be the position at which the central ‘uniform’ area (see cross
sections of figure 3) was maximised; as this area is greater than
the footprint of the beam, it corresponds to the z-position at
which the beam’s waist was minimised. Once optimised, the
detector’s FC-port was mapped in the (x,y) plane. Centrally,
within a diameter of approximately 30 µm, a uniform area is
observed within which the relative standard deviation of DE
values is 0.28%, with amaximum variation of±0.66%.Whilst
this may only be taken as an approximation of the detector’s
non-uniformity, it suggests that the variation in DE values
observed in the repeated couplingmeasurements are a result of
incident light illuminating different areas of the sensor’s sur-
face when the fibre was re-coupled.

6.1. A comparison between fibre and free-space

The relatively flat central response of figure 3 is a strong indic-
ation that the active area can be under-filled with a carefully
aligned free-space beam. This opens the possibility of measur-
ing the DE of a fibre-coupled detector in a free-space configur-
ation, enabling a direct comparison between fibre-coupled and
free-space setups. To test this, we aligned the focused beam
to the centre of the ‘uniform’ region (as marked by the circle
within figure 3) and proceeded to measure SN1’s DE in free
space [23]; the measurements were then repeated on the same
device in the fibre setup, as described in section 3. The compar-
ison was performed with incident mean photon numbers ran-
ging between 104 and 107 photons per second in both setups.
Figure 4 displays the DE results which are corrected for dead
time losses. The blue shaded area marks the spread of SN1’s
repeat coupling measurements at two standard deviations (see
table 1). The red shaded area marks the free-space response
variation within the central 30 µm of figure 3. The larger error
bars present in the free-space data are due to a combination
of uncertainty in the beam’s location (±2.9 µm) relative to

Figure 3. Spatial response scan of detector SN1’s FC-port which
houses a fixed lens. The red dashed line marks a horizontal (x-axis)
cross section which is displayed above the figure; the blue dashed
line marks the vertical equivalent which is displayed to the right of
the figure; and the central circle indicates the beam’s waist (1/e2) at
the focal plane.

Figure 4. Detection efficiency plotted as a function of incident
photon flux for a single detector (SN1), measured in the
fibre-coupled setup and the free-space facility.

the DUT and the DUT’s change in response within this uncer-
tainty bound: in the fibre-based measurement the illumination
area is assumed to be fixed, but unique to that specific coup-
ling. The increase in measurement uncertainty at the lowest
incident photon numbers, in both configurations, is a combin-
ation of the signal approaching the noise floor of their respect-
ive monitor photodiodes and counting uncertainty from the
DUT.

The weighted mean DE values and standard uncertainties
were calculated as before, using equations (5) and (6), with
the ith measurement corresponding to a photon flux instead of
a repeated coupling. Uncertainties were expanded to the 95%
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confidence interval with coverage factors obtained from stand-
ard error propagation with the calculated effective degrees of
freedom. The DE and expanded uncertainty was found to be
0.3336(12)% in the fibre setup and 0.3417(44)% in free-space.
Although these results are not in agreement, they are only
valid for their respective fibre-coupling/FS-alignment config-
urations. Both fall within two standard deviations of repeat
coupling measurements (within uncertainty bounds) which is
highlighted by the blue shaded region. However, a clear sys-
tematic shift between the two optical configurations is present,
with only a small overlap between the two. At present, the
cause of this is unclear and will be the focus of future work.
There may be an effect caused by the two different optical
modes incident upon the device in the two configurations. A
more likely explanation is a systematic over-estimate of the
number of incident photons in the fibre-based setup: photons
reflected from the surface of PDref have the potential to scatter
back onto the photodiode which would not be the case dur-
ing its calibration. To reduce this effect, a black coating was
applied to the internal surface of the photodiode’s FC-port;
however, a small fraction of photons may still be reflected.
Finally, the assumption that the output of PDref and the SPADs
are independent of polarisation at normal incidence may not
be the case. In the next iteration we shall (1) employ SMF
to couple to the DUT, (2) implement polarisation control and
(3) consider using polarisation-maintaining fibre throughout.
These changes will also make the setup suitable for the charac-
terisation of superconducting nanowire single-photon detect-
ors (SNSPDs).

7. Coupling repeatability

In this section, we assess the repeatability of fibre-to-fibre and
fibre-to-detector couplings to identify the optimal coupling
method. This wasmotivated by the inherent difficulty in accur-
ately calibrating fibre-coupled single photon detectors [28],
which is clear from the variations reported in section 4. We
tested the repeatability of SMF couplings between standard
FC/APC-to-FC/APC connectors via narrow key polarisation-
maintaining (PM) interconnects and Diamond SA E2000-to-
E2000 Simplex connectors (also APC) via their respective
interconnects. All connectors were randomly selected.We also
tested the repeatability of FC/PC-to-detector couplings tomul-
tiple SPADs with randomly selected SMF and MMF patch
cables. A schematic of the setup is presented in figure 5 which
consists of a fibre-coupled 633 nm CW source, a photodiode
(PDmon) to monitor common-mode noise, an optical MEMs
switch which acts as a shutter, a VOA to provide attenuation,
the two fibre connection types under test and a SPAD. Fibre
specified for SM propagation at 633 nm was used throughout,
except for the final fibre, whichwas alternated between SM600
and MMF depending on the measurement. The SPAD was
placed in a light-tight enclosure to reduce background noise
and the attenuation of the setup was set such that the SPAD
was registering ≈105 counts per second when illuminated.

Figure 6 displays the fibre-to-fibre repeat coupling results
for the two connector types, with the y-axis representing the

Figure 5. An illustration of the setup used to characterise the
repeatability of E2000-to-E2000, FC/APC-to-FC/APC and
FC/PC-to-detector couplings. A monitor photodiode (PDmon) was
used to monitor common-mode noise and an optical MEMs switch
acted as the fibre shutter, enabling background subtractions. (a), (b)
and (c), (d) mark the interconnect ports for the FC/APC and E2000
connectors, respectively.

Figure 6. Repeat coupling results for E2000-to-E2000 and
FC/APC-to-FC/APC connectors. The y-axis represents the mean
number of detection events per second, normalised to the monitor
photodiode output, after background subtractions. The x-axis gives
the measurement set number. Error bars mark the standard deviation
of the ten repeat couplings to a single port, forming a measurement
set. Between each measurement set both fibres were disconnected
and reconnected.

average count rate normalised by the monitor photodiode out-
put, both of which were background subtracted. The E2000
connectors were tested first, error bars mark the standard devi-
ation of ten coupling repeats to a single interconnect port
(i.e. the port labelled (c) within figure 5). At the beginning of
each measurement set, fibres were removed from both inter-
connect ports (i.e. (c) and (d)) which enables a comparison
between re-coupling a single fibre and both fibres. After ten
measurement sets the process was repeated with the FC/APC
connectors.
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Table 3. Coupling repeatability results for single-mode and
multi-mode fibre couplings; standard deviations (Std. Dev) are
evaluated with a coverage factor of k = 1.

Detector Single-mode Std. Dev Multi-mode Std. Dev

Hamamatsu (SN5) 0.85% 0.15%
Laser Components 0.88% 0.68%
Excelitas (01) 0.39% 0.13%
Excelitas (02) 0.55% 0.22%

For single port couplings the E2000 connectors are found
to be the most repeatable, with a minimum (maximum) stand-
ard deviation of 0.23% (0.61%) across the ten measurement
sets.Whereas theminimum (maximum) standard deviation for
the FC/APC connectors was 0.66% (2.72%). These results are
comparable with the standard deviation of repeat couplings to
both ports which were 0.59% and 1.47% for the E2000 and
FC/APC connections, respectively. The enhanced repeatabil-
ity of the E2000 couplings is likely a result of the active crimp-
ing alignment mechanism which is employed to improve the
precision and accuracy of core alignment [42]. There is also an
element of user bias within these measurements; for example,
the tightening of the FC/APC connector will vary from user-to-
user, which ultimately affects the coupling efficiency. Given
the care taken over these measurements, we assume these to
be best case results.

The same setup was used to test the repeatability of
directly coupling to a detector with the two fibre types.
Four detectors from three manufacturers were tested: a
single Laser Components COUNT-NIR, two Excelitas SPCM-
AQRH detectors and an additional Hamamatsu C13001-01
(SN5). The two fibre types under test were a 1 m SM600 SMF
with a 4.3 µm core diameter and a 1 m step-indexMMFwith a
(10± 3) µm core diameter. Twenty repeat measurements were
performed on each device with both fibre types, each contain-
ing a light and dark exposure enabling background subtrac-
tions. The attenuation between the monitor and SPADs was
kept constant throughout, although it varied slightly when the
final fibre was switched between SMF andMMF. All measure-
ments were performedwhilst each SPAD registered approxim-
ately 105 counts per second. The standard deviation of coup-
ling repeats are summarised in table 3.

In all cases, the 10 µm core-diameter MMF was more
repeatable than the 4.3 µm core-diameter SMF. We also note
that the standard deviation of coupling repeats, as measured
with the 50 µm core-diameter MMF within section 4 (refer
to table 1), ranged between 0.69% and 1.60%. These results
imply that the detectors are most uniform at distance scales
comparable with the beam waist produced by the 10 µm core-
diameter MMF. They also show that by employing 10 µm
core-diameter MMF as the fibre which couples to the DUT,
the repeatability can be significantly improve upon.

The variations observed in the fibre-to-detector couplings,
as well as those measured with standard FC/APC connect-
ors, make the E2000 connectors a viable option for improv-
ing repeatability. Moreover, with a specified insertion loss of

less than 0.1 dB, the use of E2000 connectors have the poten-
tial to be advantageous when minimising loss is critical. It is
worth noting that although fusion-spliced fibre connections
have been demonstrated to be highly effective [15], E2000
connectors offer a user-friendly alternative. They are also a
practical option when the fibre cannot be easily removed from
the DUT which allows the splicing loss to be characterised
beforehand, as is the case with SNSPDs and many InGaAs
SPADs. Finally, we note that in a recent measurement com-
parison between NMIs, E2000 connectors would have been
beneficial as the FC/PC coupling repeatability to an InGaAs
SPAD was, in one case, a dominant uncertainty [24].

8. Conclusion

A simple, portable setup which enables traceable optical
power measurements in fibre at the few-photon level within
the vis/NIR has been developed. The setup was used to char-
acterise the DE of four Hamamatsu 13001-01 SPADs at a
wavelength of 633 nm; moreover, the setup can be easily mod-
ified to accommodate other wavelengths as well as different
detector types (e.g. SNSPDs). The weighted mean DE values
of the four detectors had absolute standard uncertainties ran-
ging between 0.20% and 0.27% (k= 2). These DE values, and
corresponding uncertainties, give the best estimates of each
detector’s true efficiency; however, the standard deviations of
coupling repeats must be considered as the act of re-coupling
the fibre can vary the measured value significantly. This vari-
ation occurs due to changes in alignment between the fibre
core, the lens and the sensor, where the sensor has an asso-
ciated non-uniformity. To quantify the non-uniformity, one
detector’s spatially response was mapped through the GRIN
lens housed in the FC-port of the detector. The estimated max-
imum variation in non-uniformity was found to be ±0.66%
within the central 30 micron area, indicating that the repeat-
ability of re-coupling a fibre is primarily due to the detector’s
non-uniformity. However, with this method only an estimate is
possible due to mapping the sensor through a lens of unknown
specification. In addition, a novel method for calibrating a
fibre-coupled SPAD in a free-space configuration was presen-
ted. Since the free-space setup is well-established, we util-
ised this method as a preliminary validation approach. Finally,
the repeatability of fibre-to-fibre and fibre-to-detector coup-
lings were investigated. We found that the coupling between
Diamond SAE2000 connectors were significantly more repro-
ducible than standard FC/APC connectors. Furthermore, it
was observed that the repeatability of the fibre-to-detector
couplings were significantly better with the 10µmMMFwhen
compared with the 4.3 µm SMF and the 50 µmMMF.
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Appendix A. Attenuation linearity and stability

Figure A1 displays the six optical powers at which the attenu-
ation ratio β was characterised. Eight data points are present,
two of which were repeat measurements performed at the end.
The inset, which is a closeup of the data within the central
black rectangle, shows one of these repeat measurements.

Figure A1. The reference photodiode’s current output Iref plotted as
a function of the monitor photodiode’s current output Imon with a
linear fit included.

As described in section 2, these eight points are construc-
ted from five light and dark exposures each, totalling at forty
background-subtracted data points taken over a 1.5 h period.
The relative standard deviation of these forty points is approx-
imately 0.1%.

Appendix B. Non-linear correction

The derivation of the DE equation for a CW source which
considers the non-linearities that arise from dead time losses
and the Poissonian nature of the source is described. Equations
(B.1)–(B.4) are given for completeness, whilst the subsequent
derivations follow the standard reasoning found in existing lit-
erature. Let nm be the number of measured photons in a time
interval T and nd be the number of photons missed due to the
detector’s dead time (τ d). The corrected number of incident
photons (nc) is then

nc = nm + nd. (B.1)

Given a constant rate of incident photons, we may write

nc
T

=
nd
nmτd

. (B.2)

Rearranging for nd and substituting into equation (B.1) gives

nc = nm +
ncnmτd
T

. (B.3)

Solving for the corrected number of photons yields

nc =
nm

1− nmτd
T

. (B.4)

Next, the corrected probability of getting a click in the time
interval δt for a Poissonian source may be expressed as follows

P(c|δt) =
ncδt
T

= 1− e−ηµ, (B.5)

where µ is the mean incident photon number; i.e. µ =
(N inf)·(δt). Substituting equation (B.4) into (B.5) gives

P(c|δt) =
Nmδt

(1−Nmτd)
= 1− e−ηµ, (B.6)

where Nm is the measured photon rate, i.e. Nm = nm/T.
Rearranging for η results in

η =−
1
µ
ln

(

1−
Nmδt

1−Nmτd

)

. (B.7)

Finally, when Nmδt(1− τdNm)
−1 ≪ 1, equation (B.7) may be

written as

η ≈
Nmδt

µ(1− τdNm)
=

Nm

Ninf (1− τdNm)
. (B.8)
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