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We demonstrate 1550 nm photon-counting optical communications with a NbN-nanowire superconducting
single-photon detector. Source data are encoded with a rate-1/2 forward-error correcting code and transmit-
ted by use of 32-ary pulse-position modulation at 5 and 10 GHz slot rates. Error-free performance is obtained
with ~0.5 detected photon per source bit at a source data rate of 781 Mbits/s. To the best of our knowledge,

this is the highest reported data rate for a photon-counting receiver. © 2006 Optical Society of America
OCIS codes: 040.0040, 040.5570, 060.4080, 060.4510, 160.1890.

Photon-counting detectors may be employed in opti-
cal communications links to reduce receiver complex-
ity and improve receiver sensitivity.1 However, to
date these detection techniques have not been widely
used, largely because available photon-counting de-
tectors at typical telecommunication wavelengths
(1.3-1.55 um), such as photomultiplier tubes and In-
GaAs avalanche photodiodes, suffer from poor detec-
tion efficiencies, low count rates, or high dark-count
rates. Previous photon-counting communications
demonstrations were limited to data rates of
<500 kbits/s.>™* Recently, high-speed NbN-nanowire
superconducting single-photon detectors (SSPDs) ca-
pable of operating at gigahertz count rates® with ki-
lohertz dark-count rates® were developed. These de-
vices have the potential to make high-data-rate
photon-counting optical communications practical.

The NbN-nanowire SSPD consists of a thin film
(approximately 3 5 nm) of NbN deposited on a sap-
phire substrate.” The film is patterned by e-beam li-
thography to form a meander type superconducting
wire of ~100 nm width.® These wires are supercon-
ducting at temperatures below ~10 K. When the de-
vice is used as a single-photon detector, the wire is
cooled to 2—4 K and biased with a current slightly be-
low the critical current above which the device ceases
to be a superconductor. When an incident photon is
absorbed by the detector, it creates a region of in-
creased resistance in the wire.®® The consequent de-
crease in the current passed by the wire may be
sensed to detect the photon event. Note that the prob-
ability of detecting an incident photon 1ncreases for
bias currents closer to the critical current.’

When these devices are used for high-data-rate op-
tical communications (>100 Mbits/s), a number of
characteristics of the device must be taken into
account. First, timing jitter in the detection process
limits the temporal resolution of photon-arrival-time
measurements. The timing jitter of NbN-nanowire
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SSPDs was previously measured® to be <35 ps but
may depend on details of the device’s geometry. This
jitter leads to significant intersymbol interference for
data transmission slot rates of =10 GHz. Second, the
recovery time for the detection process limits the
maximum possible count rate of the detector. Recent
measurements have shown that the minimum time
between detection events in large-area SSPDs with
high detection efficiencies is limited to a few nanosec-
onds because of the kinetic inductance of the NbN
nanowire.'® Thus, photons arriving within a few
nanoseconds of a previous detection event will be un-
detected, or blocked. Consequently, for data trans-
mission slot rates of =1 GHz the SSPD can provide
no more than one detection event per slot. In this re-
gime of operation it is not possible to distinguish de-
tection events arising from an incident optical pulse
from those that are due to background or dark
counts, even at high signal-to-noise ratios. Addition-
ally, at high slot rates the detection of an incident sig-
nal pulse may prevent detection of subsequent pulses
arriving within a few nanoseconds of the first pulse.
These detection characteristics could limit the perfor-
mance of links that employ NbN-nanowire SSPDs us-
ing conventional communication techniques.

To overcome these effects, we use M-ary pulse-
position modulation (PPM) and forward-error cor-
recting (FEC) codes. With PPM, a symbol represent-
ing logeM bits of information is transmitted by a
single pulse sent in one of M transmission slots. PPM
has been shown to achieve near-optimal perfor-
mance, in terms of the required number of received
photons per transmitted bit, for a photon-counting
channel, especially for large M." Moreover, PPM is a
particularly advantageous modulation format for use
with a photon counter with a limited count rate be-
cause multiple bits of information can be conveyed
for each detection event, thus enabling communica-
tion at data rates higher than the maximum count
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Fig. 1. Schematic diagram of experimental setup for dem-
onstrating optical communications that use NbN-nanowire
SSPDs.

rate of the detector. FEC codes are employed to over-
come the effects of dark counts and blocking during
detection. The FEC code used in this work was a
rate-1/2 serially concatenated pulse-position modu-
lation (SCPPM) turbo code®® that comprised a rate-
1/2 convolutional outer code, a 15,120 bit interleaver,
and a rate-1 accumulator—PPM modulator. The code
was decoded with an iterative soft-input soft-output
decoder. This code was developed for a deep-space
photon-counting optical communications application
and has demonstrated performance within approxi-
mately 1 to 1.5 dB of the theoretical optimum chan-
nel efficiencies for these types of channel. !

The experimental setup for demonstrating optical
communications with the SSPD is shown in Fig. 1. A
1557 nm distributed-feedback (DFB) source laser
was modulated with a 32-ary PPM waveform by a
high-extinction Mach—Zehnder intensity modulator
(MZM).'* With 32-ary PPM, each detection event can
convey as many as 5 bits of information. The pattern
generator was programmed to transmit FEC-encoded
PPM blocks. The attenuated optical power was mea-
sured at the receiver input by a powermeter cali-
brated to report the power incident on the SSPD (in-
cluding a measured loss of 10 dB due to coupling
optics). The SSPD used in these experiments was a
3 um X 3.3 um meander with a 50% fill factor. Elec-
trical and optical coupling to the detector have been
described in Ref. 10. The detection efficiency of this
device was 6.3% at a bias current of 95% of the device
critical current. The time required after a detection
event for the detection efficiency of the SSPD to re-
cover to 90% of its steady-state value was measured
to be 3.5 ns. The amplified electrical signal from the
output of the detector was digitized by a 20
Gsample/s analog-to-digital converter (ADC) with 6
GHz analog bandwidth. Synchronization between the
transmitter slot clock and the receiver sampling clock
was maintained with a 100 MHz electrical reference
signal between the transmitter and the receiver.
Photon-arrival times were determined by detection of
threshold crossings at the output of the digitizer.
These arrival times could be passed either to a PPM
decoder, for evaluation of the uncoded performance of
the link, or to a software SCPPM decoder, for evalu-
ation of the link performance with the FEC code.

We demonstrated receiver functionality at slot
rates of 5 and 10 GHz, corresponding to uncoded
(coded) data rates of 781 s (390) and 1562 (781)
Mbits/s, respectively, for 32-ary PPM modulation.
The SSPD was cooled to 2 K and biased with a cur-
rent of 18.87 uA for operation at the 5 GHz slot rate.
At 10 GHz, the SSPD was biased with a current of
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16.95 uA in order to maintain the superconductivity
of the SSPD with the increased rate of detection
events. This led to a lower detection efficiency at the
higher slot rate. These bias currents at the 5 and 10
GHz slot rates represent 88% and 79%, respectively,
of the unilluminated SSPD critical current of
21.48 uA. The dark-count rates for these bias condi-
tions, measured when the SSPD was not illuminated,
were 8.06 and 1.44 kHz.

The incident power on the detector, P;,., in units of
photons per pulse, is related to the measured average
power at the receiver input, P,y by Py
=P,y;Tsym/E,, where Ty, is the symbol duration
(=M/f;) and E , is the photon energy. Similarly, we de-
fine the detected power, Py, in units of photons per
pulse, in terms of the measured probability of a de-
tection event in slots containing an incident pulse,
Pa> @s Pyo=—In(1-p,). Figure 2 shows the measured
detected power as a function of the incident power for
a 32-ary PPM-modulated signal at 5 and 10 GHz slot
rates. The system detection efficiency of the SSPD
receiver, including both the device detection effi-
ciency and the blocking losses, is simply Pg.i/Pipe. At
5 GHz the measured system detection efficiency is
~3% at low incident powers. At higher intensities the
detection efficiency improves to ~5%. We also ob-
served an increase in the dark-count rate of the de-
tector, as well as a decrease in the critical current of
the detector, at higher incident intensities. These ef-
fects may be due to detector heating as the count rate
of the detector increases. The effects are even more
pronounced at 10 GHz, where the incident pulse rate
is doubled. At low intensities, a detection efficiency of
0.5% is observed due to the lower bias current in the
10 GHz measurement. As the incident power is in-
creased, the detection efficiency improves to ~2.8%.
The effect of detector blocking between detection
events manifests itself as a saturation in the detected
power at high incident powers. As expected, this
saturation occurs at a lower detected power at the 10
GHz slot rate owing to the increased blocking prob-
ability of the detector at higher pulse rates.
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Fig. 2. Intensity-dependent detection characteristics of

the SSPD in response to a 32-ary PPM signal at 5 and 10
GHz slot rates. Dashed lines, curves of constant detection
efficiency.
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Fig. 3. Measured uncoded (open symbols) and coded (filled
symbols) bit-error-rate performance at 5 (squares) and 10
(circles) GHz slot rates versus incident and detected power.
Dashed lines, theoretical uncoded bit-error-rate perfor-
mance for a Poisson channel. Solid curve, theoretical opti-
mum performance for a background-free 32-ary PPM era-
sure channel with Poisson statistics.

Figure 3 shows the measured communications per-
formance of the SSPD receiver operating at 5 and 10
GHz slot rates. As expected from the detection effi-
ciency measurements, the uncoded performance
saturates at a bit-error rate of ~10~! owing to the
inductance-limited detector blocking. However, once
the detection efficiency is accounted for and the per-
formance is plotted as a function of the detected
power, we find good agreement between the mea-
sured data and the theoretical performance of a
background-free Poisson channel. When the SCPPM
FEC code is used, error-free performance is obtained
for detected powers in excess of 0.6 dB photons per
pulse at 5 GHz and 1.1 dB photons per pulse at 10
GHz, which represent penalties of 2.1 and 2.6 dB
from the theoretical optimum performance for an
ideal memoryless photon-counting channel with this
modulation format. The additional 0.5 dB perfor-
mance penalty observed at the 10 GHz slot rate is
due to increased detector blocking as well as to in-
tersymbol interference that arises from bandwidth
limitations in the transmitter and receiver and jitter
from the SSPD. With the rate-1/2 FEC code, each
pulse (representing a single 32-ary PPM symbol) con-
veys 2.5 bits of information. Thus the demonstrated
receiver efficiency is 2.2 bits per detected photon at a
5 GHz slot rate and 1.9 bits per detected photon at a
10 GHz slot rate.

In summary, we have demonstrated the use of
high-speed NbN-nanowire SSPDs for high-data-rate
photon-counting optical communications. While the
detection efficiency of the device used in these experi-
ments was limited to <5%, we used a rate-1/2
SCPPM FEC code to demonstrate receiver efficien-

cies of 1.9-2.2 bits per detected photon (8—20 incident
photons per bit). Error-free communications perfor-
mance was obtained for slot rates as high as 10 GHz,
corresponding to a source data rate of 781 Mbits/s.
This is more than a 1000-fold improvement over pre-
viously reported results with a photon-counting opti-
cal receiver.
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