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Single photon modulation has been proposed to overcome the defects of the low signal-to-noise ratio (SNR)
and slow process rate of photon counting. In this paper, we present the quantum theory of single photon
modulation, and then experimentally investigate the modulation spectroscopy both in the time
domain and frequency domain. It is found that the SNR reached 150 in approximately the MHz modulation

bandwidth. © 2015 Chinese Laser Press
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1. INTRODUCTION

As far back as 1939, Allen implemented the experiment of pho-
ton counting with a secondary electron multiplier [1]. Com-
pared with the traditional analog detection methods, photon
counting has a higher signal-to-noise ratio (SNR) [2-5]. In aper-
fect photon-counting measurement, the optimal SNR can reach
N (where N is the mean photon number within a bin time)
[6], which indicates that the SNR decreases rapidly with a
decrease of the mean photon number. However, considering
the effects of dark count and low detection efficiency of a
single-photon detector, photon counting presents difficulties
with respect to the requirement of high SNR detection.

Photon-counting modulation [7-13] has been used in
plasma diagnostics, fluorescence detection, fluorescence life-
time measurement of single molecules, optical time domain
reflectometry, spectral measurements, and so on. To obtain
a precise phase signal, photon counts were reconverted to
analog signals that feed into an analog lock-in amplifier. In
[14,15], we demonstrated that photon-counting modulation
can effectively improve the SNR of single-photon detection.
However, the modulation frequency is limited by the slow
processing speed of photon counting. Due to the averaging
effect of photon counting, the dynamics information of the
single-photon source would be lost [16]. Furthermore, the
low modulation frequency (less than 10 Hz) may be adversely
affected by flicker noise (1/f noise).

Recently, we presented a single photon modulation method
to increase the SNR and speed up the processing rate for
low-light-level detection. Compared with the common
photon-counting method [17], the modulation frequency
was shown to be up to 100 kHz.

In this paper, we present the quantum theory of single-
photon modulation, and then experimentally investigate
the modulation effects from both the time domain and fre-
quency domain. The modulation frequency we achieved
experimentally is in the MHz range, and further theoretical
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simulation shows a similar SNR within the GHz modulation
bandwidth.

2. THEORETICAL MODEL

Modulation signal can be represented as a function of time f';).
Express the voltage response of intensity modulator transmit-
tance as T, so the transmittance is a function 7', that depends
on the modulation signal. We express the timing sequence,
which is in accordance with the Poisson distribution, before
and after passing through the intensity modulator, as X ;) and
Y, respectively. The probability P of a photon passing
through the intensity modulator is determined by the modula-
tion signal P ;) o T',. Then, after the modulation Y ;) < Py - X ;).
In a quantum mechanics model, two incident beams are nec-
essary, although one of them is in a vacuum state (as per the
quantum optics splitter model). Consider the case in which
the signal state and the vacuum state are single modes with an-
nihilation operators a;, and a,, respectively. The annihilation
operators a,,; and a, represent emission and absorption proc-
esses, respectively. Their relationship can be expressed as

Aout = \/Fz)'am'i‘ VI=-Tq - au,
aS:‘/l—T(t)-am—m-au. (D
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Fig. 1. Schematic diagram of the single photon modulation process: (a) single photons appear randomly without modulation; (b) distribution of
single photons’ timing sequence changed with the modulation; (c) statistics diagram of At;; (d) probability distribution of single photons which
follows the sine distribution (dashed line indicates the probability distribution).

where D(a) is a shift operator, and the definition formulas are

D(a) = exp(a-a™ -a*-a), (3a)

|la) = D(a) - |0). (3b)

It is thus clear that the mean number of photons that emerge
from the intensity modulator is

(M) out =<\/TT(;~0(* + \/1—T(z)'ﬁ*‘ﬁ;'a+ \/I_T(z)'ﬂ>

=Ty -aa+ 1-Tgy)- pp. @
Considering that the |§) is the vacuum state, thus
(n>0ut = T(f(,)) -ata. (5)

As shown in Fig. 1, the spectrum of modulated photons cor-
responds to the timing sequence distribution of the photons.
The optical signal distribution in the time domain was
changed by modulating the single photons directly with an
intensity modulator.

We define At; as the relative difference between the single-
photon signal arrival time and the trough of the modulation
signal. Take a sine-wave modulation signal with period T,
as an example. The maximum probability of At; appears at
Ty/2. Then, we calculated the spectrum with and without
the modulation, as shown in Fig. 2. Here we set the modula-
tion frequency at 100 kHz, and the mean photon number is 80
kilo counts per second (kcps). The trigger rate of the single-
photon detector is 5 MHz, which means there are 0.016
photons in each pulse. When the mean photon number in each
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Fig. 2. Simulation results of single photon modulation: (a) spectrum
has the characteristic of white noise without modulatinon; (b) with
the modulation signal, there is a peak at the modulation frequency;
inset, enlargement of the rectangular region within the dashed line.

pulse is small enough (<0.1), the influence from the multipho-
ton events can be ignored.

3. EXPERIMENTAL SETUP

The experimental system is described in Fig. 3. The single-
photon source was composed of a continuous-wave laser
(1550 nm, NP Photonics RELS) and a continuously adjustable
optical attenuator. The single photons were modulated by an
intensity modulator (MACH-10). The modulation signal was
generated by a function generator, the peak-to-peak voltage
Vop = 3 V, and the offset voltage Ve = 1.5 V. A single-pho-
ton detector (QCD300) was externally triggered by a square-
wave signal with a 5 MHz repetition rate generated by a pulse
generator (SRS DG645). The output of the single-photon de-
tector was the standard square-wave pulse with amplitude 3 V.
A spectrum analyzer (SA, Agilent E4402B) was used for signal
analysis in the frequency domain.

4. RESULTS AND DISCUSSION

First let us analyze the effect of the modulation on single pho-
tons in the time domain. As we expected the statistical result
of the probability distribution coincides with a sine waveform
(Fig. 4). The highest probability appears at the peak of the sine
wave. Because of shot noise, the photon number distribution
cannot follow the sine waveform distribution perfectly. For a
sufficiently large number of photons and sufficiently small
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Fig. 3. Experimental setup of single photon modulation: red and
black lines indicate the optical fiber and electric cable, respectively;
Att, optical attenuator; Iso, optical isolator; SPAD, single-photon
avalanche diode.
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width of the time interval, the modulation signal shape can be
derived from the data with a SNR close to the ideal
value SNR = N'1/2,

Next, we analyze the modulation on single photons in the
frequency domain. Some factors affect the spectrum mea-
sured by the spectrum analyzer, such as the intensity of the
single-photon source, the fluctuation of the photon counts,
the modulation frequency, and so on. By analyzing the modu-
lation spectrum, we found that both the peak and background
of the modulation spectrum increase with the increase of the
mean photon number. It is common sense that as the input
power increases, the power spectrum would also increase.
The experimental and theoretical results show that the
SNR also increased as the mean photon number increased.
The experimental results have a statistical property at the sin-
gle-photon level. With the increase of the mean photon num-
ber the statistical results tend to be impeccable; the influence
of the dark count and the shot noise decreased naturally. The
SNR increases with the increase of the mean photon number,
and then tends to be relatively stable. This means that when
the mean photon number is large enough the effect caused by
shot noise can be negligible, and the SNR would also not in-
crease anymore. The experimental results demonstrate that
the interpretation previously mentioned is reasonable (Fig. 5).

The definition of SNR is

103/10
SNR = ,/W, (6)
where s is the signal power, and 7 is noise power per Hz.

Figure 6(a) shows the experimental results for the spec-
trum of the signal peak and background as a function of
the modulation frequency. Both the simulation and experi-
mental results show a similar SNR at different modulation
frequencies, as is shown in Fig. 6(b).

The vertical error bar in Fig. 6 was caused by the fluc-
tuation of the photon counts. Limited by the intensity modu-
lator response rate, there are only simulation results at the
high modulation frequency section in Fig. 6(b). The theoreti-
cal SNR is a little higher than the experimental result because
of the excess noise in practice.
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Fig. 4. Statistics diagram of the phase difference between the single-
photon signal and the modulation signals in the time domain. Horizon-
tal ordinate is calculated as P = At;/T,. Mean photon number is
80 kcps; modulation signal frequency is 100 kHz, which means there
are 0.8 photons in each modulation period on average.
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Fig. 5. (a;) Theoretical results, relationship between the mean pho-
ton number and the spectrum (peak and background); (ay) experi-
mental results, relationship between the mean photon number and
the spectrum (peak and background); spectrum signal improved over
24 dBm when the mean photon number was 300 keps; (b;) theoretical
results, SNR with different mean photon numbers; (b,) experimental
results, SNR with different mean photon numbers.
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Fig. 6. (a) Relationship between the modulation frequency and the
signal and background intensity; (b) SNR corresponds to the modu-
lation frequency; red and black points represent experimental and
theoretical results, respectively; mean photon number was set to
80 kcps.

5. CONCLUSION

In summary, we described the single photon modulation
process in the manner of quantum optics. The experimental
results show that this method has a higher SNR than that
of the direct photon-counting measurement. Compared with
the slow modulation frequency of photon-counting modula-
tion, single photon modulation makes it possible to obtain
quick measurement of a single-photon signal. MHz modulation
bandwidth could effectively avoid the infections from flicker
noise and reduce the measurement time. These results indi-
cate that single photon modulation has potential applications
in weak light detection and information transmission at the
single-photon level.
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