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Single-photon modulation spectrum∗

Liu Yan(刘 岩), Yu Bo(于 波), He Bo(何 博), Zhang Guo-Feng(张国峰),
Xiao Lian-Tuan(肖连团)†, and Jia Suo-Tang(贾锁堂)

State Key Laboratory of Quantum Optics and Quantum Optics Devices, Laser Spectroscopy Laboratory, Shanxi University, Taiyuan 030006, China

(Received 27 June 2013; revised manuscript received 23 September 2013; published 2 December 2013)

We present a robust method of single-photon modulation by directly modulating the single photons and observe its fre-
quency spectrum. Compared with conventional photon counting technique, the single-photon modulation spectrum shows
that the method could not only realize high-frequency modulation but also obtain higher signal-to-noise ratio. Moreover,
the theoretical calculations show good agreement with the experimental results.
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1. Introduction
The single-photon detection has been widely used, par-

ticularly in fields of quantum information, three-dimensional
imaging, optical time-domain reflectometry,[1–6] etc. Photon
counting has superior stability compared with analog signal
measurement owing to its insensitivity to the variation of gain,
and it leads to an obvious improvement in signal-to-noise ratio
(SNR), which could often be exploited for the single-photon
detection.[7–9] To the Poisson statistics source, the ideal pho-
ton counting situation shows the photon quantum noise, i.e.,
standard deviation

√
n̄T , and SNR = n̄T/

√
n̄T =

√
n̄T , where

n̄ is the mean photon number, and the T is the sample time.
This is the ultimate SNR that one can ever expect which se-
riously affects the sensitivity of measurements. Although the
SNR can be improved using longer sampling time T , it is un-
practical in the dynamic measurements. In order to enhance
the SNR, the photon counting modulation method[10–15] has
been proposed in the weak-light measurements. Photon count-
ing modulation converts the photon counts into analog signals
that feed into an analog lock-in amplifier, detects the signal at a
known modulation frequency in amplitude and phase, and then
suppresses noise at other frequencies. It improves the SNR
significantly and restrains the influence of the background
noise effectively.[14] In a previous publication,[15] we demon-
strated that the signal to noise improvement ratio reaches 31.7
dB by using photon counting modulation. However, the ana-
log conversion makes it difficult for the photon counting mod-
ulation to measure a relatively small signal amplitude by nor-
malizing it against the direct current background, and the low
modulation frequency (< 10 Hz) used may make some infec-
tions from flicker noise (1/ f noise).

In this paper, we study the spectrum characteristics of the

single-photon modulation (SPM) system by directly modulat-
ing the single photons, i.e., modulating the detection proba-
bility of the single photons. It is shown that the SPM method
could work at high frequencies with high SNR.

2. Theoretical analysis
2.1. SPM theory

Unlike the conventional intensity modulation methods,
the SPM aims at modulating the probability that a photon
is detected by using an intensity modulator, which means to
modulate the single-photon occurrence probability, and then
detect by using a single-photon avalanche detector (SPAD) to
generate a square wave pulse. When the incident photons are
modulated by a sine wave, the probability for the photon to be
detected is the biggest at the peak of the sine wave.

Mandel[16] first deduced the theoretical formula about the
photon count statistics of the radiation field with the field in-
tensity fluctuation, and the probability that n photons are emit-
ted in a sampling time T can be expressed as

p(n,T ) =
∫

∞

0

(rT T )n

n!
e−rT T P(rT )drT , (1)

and

rT (t) =
1
T

∫ t+T

t
[r0 + ε f (τ)]dτ, (2)

where rT (t) is the effective photon emission rate over a sam-
pling time T at t, P(rT ) is the probability distribution of
this quantity for random sample. Instantaneous emission rate
could be expressed as the sum of a constant rate r0 and a mod-
ulation whose frequency is f (τ) and depth is ε .

For a sine wave modulation of arbitrary frequency f ,
the instantaneous emission rate could be expressed as r0 +
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ε sin(2π f t +θ), so the effective photon emission rate is

rT (t) = r0 + ε

( sinπ f T
π f T

)
sin(2π f t +π f T +θ). (3)

During the sampling time T , the probability that n pho-
tons are detected is

p(n,T ) =
(rT T )n

n!
e−rT T

=
{[

r0 + ε

( sinπ f T
π f T

)
sin(2π f t +π f T +θ)

]
T
}n

×e
−
{[

r0+ε

( sinπ f T
π f T

)
sin(2π f t+π f T+θ)

]
T

}
/n!. (4)

It is found that the probability for n photons to be detected
p(n) is related with the modulation frequency of the sine wave
f . In other words, the SPM changes the probability for the
photons to be detected.

Figure 1(a) illustrates that the photon distribution in weak
laser with the photon emission rate being 0.1 obeys the Pois-
son distribution. It is shown that the probability of the two-
photon occurrence is at the 10−3 level and the multiple-photon
occurrence are almost zero, compared with the single-photon
probability being about 0.1, so we take the weak light beam
as single-photon stream. Figure 1(b) illustrates that the phase
distribution of the photons detected follows the sine distribu-
tion when the incident photons are modulated by a sine wave
within the sampling time T , which is n times of the sine wave
duty t0.
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Fig. 1. (color online) SPM principle diagram. (a) The photon distri-
bution in weak laser with the photon emission rate being rT = 0.1
follow the Poisson distribution. (b) The phase distribution of the
modulated photons obeys the sine distribution.

2.2. Square wave pulse FFT theory

According to the fast Fourier transform (FFT) theory, for
a single square wave pulse, its FFT can be expressed as

x( f ) =
∫

∞

−∞

x(t)e−i2π f t dt = Aτ
sin(π f τ)

π f τ
= AτSa(π f τ), (5)

where A is the amplitude of the pulse, and τ is the pulse width.

In consideration of the time shift characteristic of the FFT,

x( f ) = F [x(t)],

F [x(t− t0)] = x( f )e−i2π f t0 ,

F [x(t + t0)] = x( f )e i2π f t0 . (6)

For instance, the FFT expression of the three square wave
pulses with duty of Td is

x( f ) = AτSa(π f τ)[1+ e i2π f Td + e−i2π f Td ]

= AτSa(π f τ)[1+2cos(2π f Td)]. (7)

For (2n+1) square wave pluses, its FFT expression is

x( f ) = AτSa(π f τ)
[
1+ e i2π f Td + e−i2π f Td + e i2π f 2Td

+ e−i2π f 2Td + · · ·+ e i2π f nTd + e−i2π f nTd
]

= AτSa(π f τ)[1+2cos(2π f nTd)]. (8)

From Eq. (5), it is known that the spectrum of a single
pulse is a periodic function. To calculate the frequency spec-
trum of a series of square wave pulses, it takes the frequency
f as the horizontal axis, and the power |x( f )|2 as the vertical
axis. The spectra are discrete spectra that are also referred to as
line spectra, and each line in the spectra represents each com-
ponent of the series. Each line’s peak ligature is called spec-
trum envelope, and reflects the harmonic component power
as the frequency changing. The line interval is the reciprocal
of pulse duty. The longer the pulse duty is, the smaller the
line interval keeps and the denser the spectrum shows; on the
contrary, the sparser the spectrum shows. Similar to the enve-
lope, the interval envelope is the reciprocal of the pulse width.
The wider the pulse width is, the smaller the envelope interval
shows.

The square wave pulse is shown in Fig. 2(a), with the duty
of Td and the pulse width of τ . In Fig. 2(b), we show the FFT
spectrum of the square wave pulse.
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Fig. 2. (color online) (a) Square wave pulse and (b) its FFT spectrum.
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3. Experimental setup

The experimental setup is illustrated in Fig. 3, where the
laser beam is generated by a 1550-nm laser diode (1 kHz
linewidth, NP photonics RELS), then emitted into the isola-
tor, which is based on the Faraday rotation effect, to prevent
the laser beams from being reflected back to the laser diode
and damage the laser. Then, the laser enters into a continu-
ous adjustable optical attenuator and to be attenuated to single
photon level (the photon emission rate in the laser pulse is less
than 0.1). The weak laser pulses are intensity modulated with

an acoustic optical modulator (AOM, M200-2J-F2S Gooch
& Housego) and then launched on an operating wavelength
is 1550-nm gating single photon avalanche detector (SPAD,
QCD300). The SPAD is external triggered by a pulse gen-
erator (SRS DG645) with 2-MHz repetition rate. The output
pulse width is 500 ns and directly enters into the spectrum
analysis (SA, Agilent E4402B) for the FFT spectrum analy-
sis. The resolution band width of the SA is set as 1 kHz. The
oscilloscope (OSC, LeCory 44MXs-B) is used to monitor the
SPAD output. A function generator (Agilent 33250A) pro-
vides the sine-wave modulation signal for the AOM.

OSC
function

generator

pulse

generator

laser isolator

attenuator

AOM SPAD SA

Fig. 3. Experimental setup diagram. AOM: acoustic optical modulator, SPAD: gating single photon avalanche detector, OSC: oscillo-
scope, SA: spectrum analysis.

4. Experimental results and analysis
4.1. Wide frequency spectrum analysis

Figure 4(a) illustrates the spectra on the SA when the
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Fig. 4. (color online) The wide frequency spectrum experimen-
tal results with the mean photon number (a1) n̄ = 2 kcps and (a2)
n̄ = 14 kcps; theoretical fitting results with the mean photon num-
ber (b1) n̄ = 2 kcps and (b2) n̄ = 14 kcps.

sweep frequency range is 10 MHz. It can be found that there
are some pits at the frequency of 2 MHz and the multiples of
2 MHz, i.e., there appears an envelope in each 2 MHz interval.
In addition, as the mean photon number n̄ increases, the power
of the envelope increases.

Figure 4(b) illustrates the theoretical fitting results. The
theoretical fitting envelope interval is 2 MHz, which is the
same as the experimental results. Since the mean photon num-
ber is the instantaneous value of the quantum fluctuations and
the single photon appears randomly, the phenomenon that the
mean photon number increases with the envelope amplitude is
the same as the experimental results.

4.2. Signal analysis

We modulate the single photon by using the sine-wave
modulation signal for the AOM with the repetition frequency
fm = 80 kHz, the modulation depth is ε ≈ 1 when peak-
to-peak voltage Vpp = 300 mV and offset voltage Voffset =

380 mV. Figure 5(a) illustrates the spectra on the SA when
the sweep frequency range is from 0 to 200 kHz. The initial
peaks in Fig. 5(a) are from the 1/ f noise measured by us-
ing the SA, that means the flicker noise. There is an obvious
peak at the frequency of the modulation sine wave of 80 kHz,
and the peak power increases as the mean photon number in-
creases. We present the spectrum for n̄ = 4 kcps, and the
signal power is −43.7 dBm, with the resolution band width
of the SA being 1 kHz, the background noise power being
−72.53 dBm/

√
Hz (Fig. 5(a1)); the spectrum for n̄ = 40 kcps,

with the signal power being −28.8 dBm, the noise power
being −63.73 dBm/

√
Hz (Fig. 5(a2)); and the spectrum for

n̄= 80kcps, with the signal power being−21.6 dBm, the noise
power being −59.64 dBm/

√
Hz (Fig. 5(a3)).
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Figure 5(b) illustrates the corresponding theoretical fit-
ting results. We present the spectrum for n̄ = 4 kcps, with
the signal power being −40.7 dBm, the noise power being
−73.6 dBm/

√
Hz (Fig. 5(b1)); the spectrum for n̄ = 40 kcps,

with the signal power being −27.99 dBm, the noise power
being −63.35 dBm/

√
Hz (Fig. 5(b2)); and the spectrum for

n̄ = 80 kcps, with the signal power being −22.5 dBm, the
noise power being −60.85 dBm/

√
Hz (Fig. 5(b3)). It is ob-

vious that the signal power increases with the mean photon
number both theoretically and experimentally.
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Fig. 5. (color online) The experimental results of signal spectrum
for the mean photon number (a1) n̄ = 4 kcps, (a2) n̄ = 40 kcps, and
(a3) n̄ = 80 kcps; the theoretical fitting results of signal spectrum
for the mean photon number (b1) n̄ = 4 kcps, (b2) n̄ = 40 kcps, and
(b3) n̄ = 80 kcps. The modulation frequency is 80 kHz.

4.3. SNR analysis and the power-frequency characteristic
of the SPM

In the experiment, the noises are mainly divided into the
following kinds on the base of the devices in the system:
flicker noise, thermal noise and shot noise, and the shot noise
occupies the main composition.[17] Shot noise mainly origi-
nates from the fluctuation of the experimental outcomes be-
cause there exist few electrons or photons statistical fluctua-
tions in the photoelectric detector. It is affected by the quan-
tum fluctuations at high frequencies. Normally, we take it
as the form of white noise with the same power density at

arbitrary frequencies. The shot noise in the system mainly
contains the following four categories: (i) P–N junction shot
noise, it is emerged due to the stochastic diffraction of carri-
ers in the semiconductor; (ii) signal light photon noise, it is
produced because of the photons random excitation carriers in
the light filed and the carriers stochastic fluctuation; (iii) back-
ground light photon noise, it is caused by the background light
produce little photons leads to the deviation; (iv) dark current
shot noise, it exists owing to the dark current in single pho-
ton detector that leads to the output signal fluctuations. Here,
the contributing background noises are mainly the signal light
photon noise and the dark current shot noise. As both of them
obeys the Poisson distribution,[15] there will show the white
noise characteristics in the spectrum.
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Fig. 6. (color online) The experimental result analysis. (a) The ex-
perimentally and theoretically determined values of modulation signal
power and noise power as a function of the mean photon number. The
solid lines show the theoretical fitting as given by Eq. (9). The error bar
is from the noise power variation. (b) The linear relationship between
the SNR and the mean photon number.

Analyzing the signal power and the background noise
in the theoretical fitting and the experimental, the results are
shown in Fig. 6(a). We find that the theoretical fitting results
coincide well with the experimental results. In Fig. 6(a), the
exponential fitting curve (3) shows the fitting results of the
modulation signal as a function of the incident photons. Simi-
lar to the magenta curve (6), it is the fitting results of the back-
ground noise in the experiment as a function of the incident
photons. The error bar comes from the power variation. The
fitting equation of the two curves is

y = aexp(−x/x0)+ y0, (9)
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where the fitting determination coefficient squares are all up
to 0.99, indicating good fitting results. The coefficient x0 in
the curves (3) and (6) is 36.261 kcps and 37.412 kcps, respec-
tively.

We calculate the SNR in the experiment and it is shown
in Fig. 6(b). The SNR is up to 122 and the slop of the line (2)
is 0.8649 per photon. The error bars are from the background
variation.

From the above analysis, we can see that although the
noise is increasing with the mean photon number and the same
as the signal in the experiment, the SNR is linear increasing as
the mean photon number increased.

Changing the modulation frequency, we obtain the power-
frequency characteristics of the modulation signal on the SA,
as shown in Fig. 7. It is found that the modulation frequency
is up to 1800 kHz, considering the background noise power
of −60.85 dBm/

√
Hz when n̄ = 80 kcps. It turns out that

the SPM method has high adaptive capacity for the high-
frequency modulation.
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Fig. 7. The power-frequency characteristic for the SPM when the
mean photon number n̄ = 80 kcps.

5. Summary
This paper introduces the measurement of the modulation

signal spectrum by using the SPM method. It is found that the

SNR shows linear growth in the analysis of the measured SNR.
Moreover, we take the theoretical calculations of the spectrum,
and it is shown that the calculation results coincide well with
the experimental results. It is shown that the SPM method can
indeed substantially realize both in measuring the modulation
signal at high frequencies and obtaining high SNR.

The benefits of the SPM method are that it not only could
be exploited potentially for sensitive detection, but also en-
ables fast real-time tracking at single photon level. By using
of lock-in amplifier, the SPM has potential applications in en-
hancing the detection efficiency with the optimizing threshold
for single photon detection,[18] and in realizing the fast locking
of the Fabry–Perot cavity to a single-photon frequency.[19]
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