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Abstract: A dual photonic-delay line cross-correlation method for phase noise measure-
ment of microwave signal based on dense wavelength division multiplexing (DWDM) is
proposed and experimentally demonstrated. The kilometer-long delay fiber is used together
by the two mutually independent channels through the DWDM technology, which makes it
easier to get the same delay between two channels. And it reduces the cost of the system
by reducing the use of several kilometers of fiber and a Mach–Zendher modulator. Then, it
uses variable optical fiber delay lines to replace the electronic phase shifters and a broader
operation bandwidth can be obtained. A lower phase noise floor has been obtained by
more averaging of the cross-correlation spectrum. In the experiments, the phase noise of a
10-GHz microwave signal has been measured accurately. A large operation bandwidth of
4–11 GHz is achieved and a measurement phase noise floor of −152.6 dBc/Hz at 10 kHz
offset at 10 GHz in a 20 μs delay measurement system is realized by averaging 100 times.

Index Terms: Microwave photonics, phase noise measurement, cross correlation, dense
wavelength division multiplexing (DWDM).

1. Introduction
Phase noise, which is of major concern in microwave sources such as electrical oscillators [1]
and optoelectronic oscillators [2], [3], has attracted a lot of attentions in both aspects of theoretical
analysis [4]–[9] and measurement system [10] during the past decades because it may seriously
degrade the performance of the systems such as radar, wireless communication system, multi-
channel receiver, and so on. To meet the growing measurement demand in high performance
microwave sources, which have higher frequency, larger tuning range and extremely low phase
noise, a large amount of conventional methods for phase noise measurement have been designed
and implemented, for instance, direct spectrum technique [11]–[13], phase detector technique [14],
frequency discriminator method [15]–[17], two-channel cross-correlation technique [18]–[20], etc.
Recently, microwave photonic technologies such as photonic-delay line [21]–[26], microwave pho-
tonic phase shifter [27], [28], microwave photonic frequency down-converter [29], [30], electro-optic
comb [31], and so on, which are in advantages of low loss, wide band and the ability of working in

Vol. 10, No. 1, February 2018 5500509

https://orcid.org/0000-0002-2841-1245
https://orcid.org/0000-0001-8794-3631


IEEE Photonics Journal Photonic-Delay Line Cross Correlation Method

any range of microwave frequencies, have been used in phase noise measurement, with the results
that the measurement range of frequency and sensitivity are greatly improved.

Direct spectrum technique [11]–[13] is the simplest method for phase noise measurement, which
usually reads the spectrum directly from a spectrum analyzer and calculates the ratio of the power
level (within 1 Hz bandwidth) of a specified offset frequency to the total power level of the carrier.
However, it cannot differentiate amplitude noise (AM noise) and phase noise (PM noise), and the
carrier power limits the measurement dynamic range.

At the same time, phase detector technique [14] is implemented for a better distinguish between
AM noise and PM noise, where a phase detector is used to convert phase difference of the signal
under test and the reference signal into a voltage with an average value of 0 V, note that the phase
difference between the two signals is π/2. What is more, a phase locked loop (PLL) is usually
introduced into the phase detector technique to orthogonally lock the two signals. According to
the operational mechanism of the phase detector technique, it takes advantages of wonderful
measurement sensitivity, wide signal frequency range and rejection of AM noise, but on the other
hand it needs an excellent performance reference source with a widely tunable range to improve
the measurement performance.

To eliminate the limitation of the reference source, frequency discriminator method [15]–[17],
which can be implemented by cavity resonators, radio frequency (RF) bridges or a delay line [10],
has been forward, a baseband analyzer is used to measure the low frequency voltage fluctuations
converted by the frequency fluctuations of the source. In particular, the delay line based frequency
discriminator method does not need a second reference source when a high sensitivity is achieved.
However, the loss of the cable limits the length of coaxial cables and compromises the measurement
sensitivity. Encouragingly, two-channel cross-correlation techniques [18]–[20] provide an effective
way to reduce the phase noise floor through the cancellation of the incoherent noise of the individual
measurement systems at the expense of measurement speed.

Recently, microwave photonic techniques which have been developed since more than ten years
[32], [33] were applied in phase noise measurement system [21]–[31]. Compared with the phase
noise measurement systems mentioned in [11]–[20], the photonics techniques based phase noise
measurement systems have advantages of lower phase noise floor at higher frequency and wider
range of measurements, which benefit by the photonic techniques advantages such as low loss,
wide band and the ability of working in any range of microwave frequencies. To overcome the high
loss of coaxial cable, the photonic-delay line technique is introduced into the frequency discrimina-
tor method and a longer time delay is obtained, then, a higher measurement sensitivity is realized
[21], [22]. In addition, microwave photonic phase shifters based on a polarization modulator (PolM)
[27] and a dual-drive Mach-Zehnder modulator (MZM) [28] respectively, microwave photonic down-
converters based on a MZM [29] and a PolM [30] individually, are introduced into the photonic-delay
line assisted phase noise measurement systems to implement wide-band phase noise measure-
ment systems. And a real time high sensitivity phase noise measurement system based on electro-
optic comb is realized [31], it uses the higher order comb modes from an electronic-optic comb to
enhance the measurement sensitivity of phase noise. Except the single channel phase noise mea-
surement systems mentioned above [21], [22], [27]–[31], dual photonic-delay line cross correlation
methods have been proposed in [23]–[26], where the phase noise floor is reduced by eliminating
the uncorrelated noise of the two measurement systems. Note that the delay of the two channels
must be the same for this scheme to work effectively [23]. However, it is a challenging task to ensure
the two long fibers with length of over many kilometers used in the two channels individually remain
consistent.

In this paper, we proposed and experimentally demonstrated a phase noise measurement sys-
tem based on dual photonic-delay line cross correlation method using dense wavelength division
multiplexing (DWDM) and variable optical fiber delay line (VODL). The long fiber with length of
many kilometers, which provides a long delay time to reduce the phase noise floor of phase noise
measurement system, is used by two channels simultaneously in terms of DWDM. This structure
makes it easier to get the same delay between two channels and saves many kilometers of fiber. In
addition, two VODLs are used to control the phase of the signals, which saves the use of electrical
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Fig. 1. The schematic diagram of the proposed phase noise measurement system. LD: laser diode;
DWDM: dense wavelength division multiplexer; MZM: Mach-Zendher modulator; VODL: variable optical
delay line; PD: photoelectric detector; EA: electrical amplifier; LPF: low-pass filter; ED: electrical divider.

phase controllers and leads to a larger working bandwidth for the phase noise measurement sys-
tem. And a phase noise measurement system which has a phase noise floor of −152.6 dBc/Hz
at 10 kHz offset was realized when the signal under test has a frequency 10 GHz. In addition, an
operation bandwidth of 4–11 GHz was realized in this paper.

2. Principle
Fig. 1 shows the schematic diagram of the presented dual photonic-delay line cross correlation
method for phase noise measurement. It includes two independent photonic-delay line based
phase noise measurement systems with same delay time, moreover, the long fiber which provides
longer delay time is in common used by two independent photonic assisted phase noise measure-
ment systems through DWDM. The microwave source under test is divided into two branches by
an electrical divider, one is introduced to the microwave photonic link which is used to achieve
electrical-to-optical conversion, photonic time delay and accurate phase adjustment, the other one
is continued to be divided into two branches and sent to the mixers respectively. In both phase noise
measurement systems, a light from a LD is introduced into a MZM, of which the output is passed
through a long optical fiber which is shared by two phase noise measurement systems with DWDM,
a VODL which is used to achieve accurate phase adjustment, and detected with a PD. The output
of the PD is amplified and mixed with the signal that passes directly through two EDs. Then the
intermediate-frequency (IF) signal is passed a low-pass filter (LPF). Finally, the two low frequency
signals from two independent phase noise measurement systems respectively are introduced to a
dual-ports fast Fourier transform (FFT) analyzer simultaneously for phase noise calculation. Note
that the low frequency signals after the LPFs are returned to the VODLs to control the signals at
points A1 (B1) and A2 (B2) are orthogonal, the dc component of the low frequency signals after the
LPFs is zero when the phase difference between the two input signals is 90 degrees, otherwise the
signals after the LPFs will have a dc component.
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Fig. 2. The relationship between the phase of microwave signal and delay time of optical fiber.

The VODL adjusts the phase accurately by controlling the delay time. And the relationship
between the phase of microwave signal and delay time of optical fiber is in the following formula
and shown as Fig. 2. For instance, when the frequency of signal is 10 GHz, a continuously changed
in a full 360 degrees range can be achieved by tuning the delay line in a range of 100 ps.

t (ϕ) = ϕ

360◦ · f
(1)

Where ϕ and f are phase and frequency of microwave signal respectively, t(ϕ) is the delay time
of the delay line.

The amplitude noise comes from the oscillators under test cannot be rejected by correlation [34].
However, the amplitude noise of most oscillators is far less than the phase noise of them [27], and
we assume that the amplitude noise of the oscillators under test is far less than the phase noise
of them and the amplitude fluctuation of the microwave source under test can be ignored, then the
microwave signal is given as bellow:

vi (t) = V0 cos [ω0t + ϕi (t)] (2)

Where V0 is the constant amplitude, ω0 is the angular frequency and ϕi (t) is the phase fluctuation.
When the signal pass through the single delay line based frequency discriminator system and the
signals in two branches maintain orthogonal to each other, the low frequency components after the
LPF can be expressed as Eq. (3a). Considering that phase noise of the signals ϕi (t) and ϕi (t − τ)
are very small, vo (t) is approximated by Eq. (3b).

vo(t) = kϕ sin [ϕi (t) − ϕi (t − τ)] (3a)

vo(t) = kϕ [ϕi (t) − ϕi (t − τ)] (3b)

Where kϕ is the phase-to-voltage conversion factor, τ is the delay time of the long photonic delay
line. According the detail analysis in [21], the power spectrum is shown as bellow:

Sϕo(f ) = 4k2
ϕsin2 (πfτ) Sϕi (f ) (4)

Where Sϕi (f ) is the double-sideband phase noise power of the microwave signal under test. The
single-sideband phase noise can be written as:

L (f ) = Sϕi (f )
2

= Sϕo(f )
8k2

ϕsin2 (πfτ)
(5)

The two-channel measurement system is shown as the schematic diagram of Fig. 1, where
a(t) and b(t) are the background noise of the channel1 and channel2 respectively. According [21],
the sources of noise such as white noise, flicker noise of amplifier and mixer, contamination from
amplitude noise, flicker noise of the microwave photonic channel, and so on, have been analyzed
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in detail. And the result shows that the major factor of the phase noise is flicker noise of typical
microwave amplifiers which stay independent in the two channels. In addition, the common element
fiber in the measurement path may introduce a coherent noise term that may limit the noise reduction
capabilities of the setup. However, the noise contributed by the fiber is far less than the thermal
noise of the amplifier [23], thus the noise of the fiber can be ignored in the analysis process. It means
that the background noise of channel1 and channel2 can be supposed to statistically independent,
in addition, the phase noise of the signal under test is statistically independent of the background
noise a(t) and b(t). Thus, the observed signals and the Fourier transform at points C1 and C2 in
Fig. 1 can be written as Eq. (6) according to the description in [35]:

x(t) = vo1(t) + a(t) ↔ X (f ) = SϕO 1(f ) + A (f )

y(t) = vo2(t) + b(t) ↔ Y(f ) = SϕO 2(f ) + B (f ) (6)

Where SϕO 1,2(f ), A(f) and B(f ) are the Fourier transform of vo1,2(t), a(t) and b(t). The cross-
spectrum Syx can defined as:

E
{

Syx (f )
} = 1

T
E

{
Y · X ∗}

= 1
T

E
{[

SϕO 2 + B
] · [

SϕO 1 + A
]∗}

= 1
T

[
E

{
SϕO 2 · S∗

ϕO 1

} + E
{

SϕO 2 · A ∗} + E
{

B · S∗
ϕO 1

} + E
{

B · A ∗}]

= 1
T

E
{

SϕO 2 · S∗
ϕO 1

}
(7)

Where ‘∗’ stands for complex conjugate, E{} is the expected value operator, T is the measurement
time, and the hypothesis of statistical independence gives E {SϕO 2 · A ∗} = 0, E {B · S∗

ϕO 1} = 0 and
E {B · A ∗} = 0. Considering Eq. (4) and assuming the phase-to-voltage conversion factors are the
same, the cross-spectrum Syx can be rewritten as:

E
{

Syx (f )
} = 1

T
E

{
SϕO 2 · S∗

ϕO 1

}

= sin2 [πf (τ + dτ)]
sin2 (πfτ)

· 1
T

E
{

SϕO 1 · S∗
ϕO 1

}

= sin2 [πf (τ + dτ)]
sin2 (πfτ)

· SϕO 1ϕO 1 (8)

Where dτ is the delay differential of the two channels. Then we replace the expectation with the
average on m measured spectra:

〈
Syx (f )

〉
m = 1

T

〈
Y · X ∗〉

m

= 1
T

〈[
SϕO 2 + B

] · [
SϕO 1 + A

]∗〉
m

= 1
T

[〈
SϕO 2 · S∗

ϕO 1

〉
m

+ 〈
SϕO 2 · A ∗〉

m + 〈
B · S∗

ϕO 1

〉
m

+ 〈
B · A ∗〉

m

]

= H (f, τ, dτ) · SϕO 1ϕO 1 + O
(√

1/m
)

(9)

Where O() means ‘order of’. Owing to statistical independence, the cross terms decrease pro-
portionally to m−1/2. The coefficient H(f, τ, dτ) is given by:

H (f, τ, dτ) = sin2 [πf (τ + dτ)]
sin2 (πfτ)

(10)
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Fig. 3. The coefficient H(f, τ, dτ) with different (a) τ and (b) dτ.

Fig. 3 is the coefficient H(f, τ, dτ) in different time delays and different delay differentials respec-
tively. It shows that the delay differential between the two channels would influence the measurement
of phase noise. In Fig. 3(a), when the time delays of the two channels are not same, H(f, τ, dτ) has a
serious of step changes at f = n/ τ, with integer n � 1. The experiment results are not useful in the
adjacent region of these step changes. And the larger the delay differential leads the more serious
the result distortion as shown in Fig. 3(b). Thus, controlling the time delays of the two channels are
same can make sure the phase noise measurement system works effectively.

If the delay differential of the two channels dτ = 0, the coefficient H (f, τ, dτ) = 1, which means
when the time delays of the two channels are same, the Eq. (9) can be rewritten as:

〈
Syx (f )

〉
m = SϕO 1ϕO 1 + O

(√
1/m

)
(11)

According to Eq. (11), if the delays of the two channels are same, the cross-correlation method
based phase noise measurement system could work effectively. And the measurement sensitivity
can be enchanted proportionally to m−1/2. For instance, a 10-dB improvement on the single-channel
noise coasts a factor of m = 100 in averaging. Note that the convergence effect is not considered
here, because it affects the measurement sensitivity only when the factor m is big enough [35].

3. Experimental Results and Discussions
A proof-of-concept experiment is carried out based on the setup in Fig. 1. A laser source with
wavelength of 1550.12 nm is applied as LD1 and LD2 has a wavelength of 1550.92 nm, both
laser sources have a power of 10 dBm. A polarization-maintaining fiber pigtailed DWDM is used
before the modulator. The delay-line fiber used in the proposed system is a single-mode optical
fiber (SMF-28e). The modulator is a single-drive intensity LiNbO3 modulator (OCLARO F-10) which
has a 3-dB bandwidth of 11 GHz and insertion loss of 6 dB. Both PDs have responsivity of
0.8 A/W and 3-dB bandwidth of 11 GHz. And both the VOLDs have a tuning range of 600 ps and
a resolution of 39.6 fs. The two EAs, two mixers and EDs have response of 40 GHz, 18 GHz and
18 GHz, respectively. The LPFs have the same passband of DC to 1.9 MHz. The FFT analyzer is
realized by a multi-channel oscilloscope (Agilent DSO-X 3034A) which is used to record waveform
data and a computer which is used to calculate the cross-correlation power spectrum and phase
noise spectrum.

To verify the proposed phase noise measurement system can work effectively, the phase noise of
a 10 GHz microwave signal from a commercial microwave signal generator (Anritsu MG3693C) is
tested as shown in Fig. 4. The phase noise measurement system with different length of delay-line
fiber 1 km (Fig. 4(b), plot A), 2 km (Fig. 4(b), plot B) and 4 km (Fig. 4(b), plot C) have been tested.
And the phase noise measured by a commercial spectrum analyzer (Anritsu MS2725C) has been
tested as a comparison (Fig. 4(a), plot B). The result shows that the curves in Fig. 4 are close to
each other, it means the result measured by this phase noise system is reliable.

Vol. 10, No. 1, February 2018 5500509



IEEE Photonics Journal Photonic-Delay Line Cross Correlation Method

Fig. 4. The measured phase noise of 10 GHz microwave signal. (a) measured by proposed system
(plot A) and measured by a commercial spectrum analyzer (plot B). (b) measured by proposed system
with different time delays 1 km (plot A), 2 km (plot B), 4 km (plot C).

Fig. 5. Phase noise floor of the proposed phase noise measurement. (a) the cross correlation improves
noise floor over single channel measurements. (b) with different time delays 1 km (plot A), 2 km
(plot B), 4 km (plot C). (c) the cross-correlation spectrum obtained by averaging m = 1 (plot A), 10
(plot B), 100 (plot C) times.

Fig. 5 shows the measured phase noise floor of the phase noise measurement system when the
microwave signal under test has a frequency of 10 GHz. To do this, an optical attenuator which has
same attention as long fiber is used to replace the long delay-line fiber, which has been described
in [23]. Fig. 5(a) shows the measured phase noise floor in each channel and their cross-correlation
power spectrum. It indicates that the noise added by two channels, especially the noise of the
amplifiers, has been removed. And Fig. 5(b) shows the phase noise floor of the measurement
system when the long delay-line fibers have different lengths, clearly, the longer delay-line fiber
used, the higher sensitivity can be achieved with the sacrifice of the measurement range, because
a longer delay-line fiber leads the singularities appear at a lower frequency, which can be explained
by Eq. (4). For the 1 km, 2 km and 4 km delay-line fibers, the measurement limits are about 30, 80,
180 kHz offset from the carrier, respectively. Fig. 5(c) shows the cross-correlation power spectrums
at different averaging m = 1, 10, 100 times when the length of delay-line fiber is 4 km. Reductions of
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Fig. 6. (a) phase noise of a commercial microwave signal generator (Anritsu MG3693C) measured by
the proposed system and a commercial spectrum analyzer (Anritsu MS2725C). (b) phase noise floor
of the proposed system at 10 kHz offset in the frequency range from 4 to 11 GHz.

5 dB, 10 dB are obtained by averaging m = 10, 100 times, respectively, resulting in −147.6 dBc/Hz
and −152.6 dBc/Hz measurement noise floors at 10 kHz offset frequency for 20 μs delay, severally.
It agrees well with the described in Eq. (9) and Eq. (11).

To verify the advantage wide operation bandwidth of the proposed phase noise measurement
system, the phase noise of a commercial microwave generator (Anritsu MG3693C) is tested by the
proposed measurement system and a commercial spectrum analyzer (Anritsu MS2725C). Fig. 6(a)
shows the measured phase noise at 10 kHz offset of the microwave generator when it changes
from 4 GHz to 11 GHz. It can be concluded that the difference between the measured results of
the two measurement systems are kept within 4 dB. In this verification experiment, the bandwidth
of the MZM and the PDs limit the measurement range. Furthermore, the phase noise floors at a
frequency range from 4 to 11 GHz in a 4-km fiber delay phase noise system at 10 kHz offset are
measured as shown in Fig. 6(b). It shows that the fluctuation of the phase noise floors is less than
3 dB. The measured results in Fig. 6 confirm the measurement system can work effectively in a
large range and has constant sensitivity over the full measurement range.

4. Conclusion
We proposed and realized a dual photonic-delay line cross correlation method based on DWDM for
measuring the phase noise of microwave signals. With use of DWDM, the low loss kilometer-long
optical fiber as photonic delay line is used together by the two channels, which makes it easier to
control the kilometer-long fibers of the two channels are same. Furthermore, it reduces the use of
several kilometers of fiber and a MZM, which reduce the cost of the system. And the use of VOLDs
further broadens operation bandwidth of the proposed system. In addition, a lower phase noise
floor has been obtained by more averaging of the cross-correlation spectrum. In the experiment, the
phase noise of a 10-GHz microwave signal has been measured accurately. And the phase noise
floor reaches −152.6 dBc/Hz at 10 kHz offset in a 20 μs delay measurement system by averaging
m = 100 times. Besides, a large operation bandwidth of the proposed phase noise measurement
system in the frequency range from 4 GHz to 11 GHz has been demonstrated, where the phase
noise floor is nearly independent of frequency.

References
[1] A. Hajimiri and T. H. Lee, “A general theory of phase noise in electrical oscillators,” IEEE J. Solid-State Circuits, vol. 33,

no. 2, pp. 179–194, Feb. 1998.
[2] X. S. Yao and L. Maleki, “Converting light into spectrally pure microwave oscillation,” Opt. Lett., vol. 21, no. 7,

pp. 483–485, Apr. 1996.
[3] X. S. Yao and L. Maleki, “Optoelectronic oscillator for photonic systems,” IEEE J. Quantum Electron., vol. 32, no. 7,

pp. 1141–1149, Jul. 2002.

Vol. 10, No. 1, February 2018 5500509



IEEE Photonics Journal Photonic-Delay Line Cross Correlation Method

[4] D. B. Leeson, “A simple model of feedback oscillator noise,” Proc. IEEE, vol. 54, no. 2, pp. 329–330, Feb. 1966.
[5] C. J. White and A. Hajimiri, “Phase noise in distributed oscillators,” Electron. Lett., vol. 38, no. 23, pp. 1453–1454,

Nov. 2002.
[6] A. Demir, A. Mehrotra, and J. Roychowdhury, “Phase noise in oscillators: A unifying theory and numerical methods for

characterization,” IEEE Trans. Circuits Syst., vol. 47, no. 5, pp. 655–674, May 2002.
[7] Y. K. Chembo, K. Volyanskiy, L. Larger, E. Rubiola, and P. Colet, “Determination of phase noise spectra in optoelectronic

microwave oscillators: A langevin approach,” IEEE J. Quantum Electron., vol. 45, no. 2, pp. 178–186, Feb. 2009.
[8] A. Docherty, C. R. Menyuk, J. P. Cahill, O. Okusaga, and W. Zhou, “Rayleigh-scattering-induced RIN and amplitude-

to-phase conversion as a source of length-dependent phase noise in OEOs,” IEEE Photon. J., vol. 5, no. 2, Apr. 2013,
Art. no. 5500514.

[9] S. Jahanbakht, S. E. Hosseini, and A. Banai, “Prediction of the noise spectrum in optoelectronic oscillators: An analytical
conversion matrix approach,” J. Opt. Soc. Amer. B, vol. 31, no.8, pp. 1915–1925, Aug. 2014.

[10] U. L. Rohde, A. K. Poddar, and A. M. Apte, “Getting its measure,” IEEE Microw. Mag., vol. 14, no. 6, pp. 73–86,
Oct. 2013.

[11] T. Friedrich, “Direct phase noise measurements using a modern spectrum analyzer,” Microw. J., vol. 35, pp. 94, 96, 99,
101–104, Aug. 1992.

[12] Z. Zhan, “How to use a spectrum analyzer to measure phase noise of digital signal generator,” in Proc. 2004 Asia
Pacific Radio Sci. Conf., 2004, pp. 128–130.

[13] J. Chen, F. Jonsson, and L. R. Zheng, “A fast and accurate phase noise measurement of free running oscillators using
a single spectrum analyzer,” Norchip IEEE, 2010, pp. 1–4.

[14] W. Loh and S. Yegnanarayanan, “Unified theory of oscillator phase noise I: White noise,” IEEE Trans. Microw. Theory
Techn., vol. 61, no. 6, pp. 2371–2381, Jun. 2013.

[15] A. S. Barzegar, A. Banai, and F. Farzaneh, “Sensitivity improvement of phase-noise measurement of microwave
oscillators using if delay line based discriminator,” IEEE Microw. Wirel. Compon. Lett., vol. 26, no. 7, pp. 546–548,
Jul. 2016.

[16] S. Hao, T. Hu, and Q. J. Gu, “A 10 GHz delay line frequency discriminator and PD/CP based CMOS phase noise
measurement circuit with −138.6 dBc/Hz sensitivity at 1 MHz offset,” in Proc. 2015 IEEE Radio Freq. Integr. Circuits
Symp., 2015, pp. 63–66.

[17] S. Hao, T. Hu, and Q. J. Gu, “A 10-GHz delay line frequency discriminator and PD/CP-Based CMOS phase noise
measurement circuit,” IEEE Trans. Microw. Theory Techn., vol. 65, no. 7, pp. 2361–2372, Jul. 2017.

[18] W. F. Walls, “Cross-correlation phase noise measurements,” in Proc. IEEE Freq. Control Symp., 1992, pp. 257–261.
[19] G. D. Giovanni and M. Chomiki, “New phase noise measurement techniques & Ultra-Low Noise SAW Oscillators,” in

Proc. Freq. Control Symp. IEEE, 2010, pp. 116–118.
[20] S. J. Bale, D. Adamson, B. Wakley, and J. Everard, “Cross correlation residual phase noise measurements using two

HP3048A systems and a PC based dual channel FFT spectrum analyser,” in Proc.IEEE Eur. Freq. Time Forum, 2013,
pp. 1–8.

[21] E. Rubiola, E. Salik, S. Huang, N. Yu, and L. Maleki, “Photonic-delay technique for phase-noise measurement of
microwave oscillators,” J. Opt. Soc. Amer. B, vol. 22, no. 5, pp. 987–997, May 2005.

[22] H. Jun and L. Yin, “Photonic-delay homodyne technology for low-phase noise measurement,” Optik, vol. 125, no. 7,
pp. 1868–1870, Apr. 2014.

[23] E. Salik, N. Yu, L. Maleki, and E. Rubiola, “Dual photonic-delay line cross correlation method for phase noise measure-
ment,” in Proc. IEEE Int. Freq. Control Symp. Exp., 2004, pp. 303–306.

[24] P. Salzenstein et al., “Realization of a phase noise measurement bench using cross correlation and double optical
delay line,” Acta Physica Polonica, vol. 112, no. 5, pp. 1107–1111, Sep. 2007.

[25] D. Eliyahu, D. Seidel, and L. Maleki, “Phase noise of a high performance OEO and an ultra low noise floor cross-
correlation microwave photonic homodyne system,” in Proc. IEEE Int. Freq. Control Symp., 2008, pp. 811–814.

[26] J. Hong, A. M. Liu, and J. Guo, “Study on low-phase-noise optoelectronic oscillator and high-sensitivity phase noise
measurement system,” J. Opt. Soc. Am. A, vol. 30, no. 8, pp. 1557–1562, Aug. 2013.

[27] D. Zhu, F. Zhang, P. Zhou, D. Zhu, and S. Pan, “Wideband phase noise measurement using a multifunctional microwave
photonic processor,” IEEE Photon. Technol. Lett., vol. 26, no. 24, pp. 2434–2437, Dec. 2014.

[28] W. T. Wang, J. Guo, H. K. Mei, W. H. Sun, and N. H. Zhu, “Photonic-assisted wideband phase noise analyzer based
on optoelectronic hybrid units,” J. Lightw. Technol., vol. 34, no. 14, pp. 3425–3431, Jul. 2016.

[29] D. Zhu, F. Zhang, P. Zhou, and S. Pan, “Phase noise measurement of wideband microwave sources based on a
microwave photonic frequency down-converter,” Opt. Lett., vol. 40, no. 7, pp. 1326–1329, Apr. 2015.

[30] F. Zhang, D. Zhu, and S. Pan, “Photonic-assisted wideband phase noise measurement of microwave signal sources,”
Electron. Lett., vol. 51, no. 16, pp. 1272–1274, Aug. 2015.

[31] N. Kuse and M. E. Fermann, “Electro-optic comb based real time ultra-high sensitivity phase noise measurement
system for high frequency microwaves,” Sci. Rep., vol. 7, no. 1, 2017.

[32] J. Capmany and D. Novak, “Microwave photonics combines two worlds,” Nature Photon., vol. 1, no. 6, pp. 319–330,
Jun. 2007.

[33] J. P. Yao, “Microwave photonics,” J. Lightw. Technol., vol. 27, no. 3, pp. 314–335, Feb. 2009.
[34] E. Rubiola and R. Boudot, “The effect of AM noise on correlation phase-noise measurements,” IEEE Trans. Ultrason.

Ferroelectr. Freq. Control, vol. 54, no. 5, pp. 926–932, May 2007.
[35] E. Rubiola and F. Vernotte, “The cross-spectrum experimental method,” Physics, arXiv:1003.0113v1 [physics.ins-det],

Feb. 2010.

Vol. 10, No. 1, February 2018 5500509



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


