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Wideband Microwave Phase Noise Analyzer Based
on All-Optical Microwave Signal Processing

Yifeng Xie, Pei Zhou

Abstract—An approach for wideband phase noise measurement
of microwave signal sources is proposed based on all-optical mi-
crowave signal processing. In the proposed scheme, an optical
carrier is sequentially modulated by the signal under test (SUT)
in a phase modulator and a dual-polarization modulator to gen-
erate two -+1st-order sidebands with orthogonal polarizations.
A time delay is introduced between two sidebands by a span of
low-loss optical fiber. Combined with a polarization controller and
a polarizer, photonic microwave downconversion with a desired
phase shift and time delay can be realized after photodetection,
and the phase noise of the SUT can be calculated thereafter. Since
all the microwave signal processing functions in the conventional
photonic-delay-line-based phase noise measurement system are
implemented in the optical domain, the proposed scheme has alarge
operational bandwidth and a high measurement sensitivity. In the
experimental demonstration, accurate phase noise measurement of
SUTs is achieved in a frequency range of 10-35 GHz, and a phase
noise floor as low as —132.16 dBc/Hz at 10 kHz is obtained.

Index Terms—All-optical microwave signal processing,
frequency discriminator, microwave photonics, phase noise.

1. INTRODUCTION

HASE noise, which denotes the short-term frequency sta-

bility of a microwave signal, is an important parameter to
evaluate the performance of a microwave signal source [1]-[4].
Due to the rapid development of ultralow phase noise microwave
signal sources [5], [6] and their wide applications in radar,
communication and navigation systems [7]-[9], highly accurate
phase noise measurement is now of great importance. In recent
years, the photonic-delay-line-based frequency discriminator
method, which achieves high measurement sensitivity with the
assistance of a low-loss optical fiber, has attracted much atten-
tion [10], [11]. Consequently, great efforts have been made to
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improve its overall performance. For instance, optical frequency
comb and carrier suppression interferometer techniques have
been introduced to enhance the measurement sensitivity [12]—
[14]. To eliminate the calibration procedure, quadrature phase
demodulation based on in-phase and quadrate (I/Q) mixing
and digital signal processing is adopted [13], [15]-[17]. Re-
cently, multiple functions, such as microwave signal generation
and frequency measurement, have also been integrated into
the original phase noise measurement system [18]-[20]. How-
ever, among the previously reported photonic-delay-line-based
phase noise measurement systems, the operational bandwidth is
usually restricted by electrical devices (e.g., electrical mixers,
phase shifters and amplifiers). To cope with this problem, the
functions of microwave phase shifting [21], [22] or frequency
mixing [23] are realized based on microwave photonic tech-
nologies to achieve bandwidth enhancement. Nevertheless, an
all-optical phase noise measurement system that realizes all
microwave signal processing functions in the optical domain,
has rarely been reported [24]. In [24], an electro-optical polar-
ization modulator (PolM) is used to realize the function of phase
shifting. However, owing to its limited application scenarios
[25], [26], the customized PolM not only makes the system
costly, but also limits the operational bandwidth to be further
expanded [27].

In this paper, a wideband phase noise analyzer based on
all-optical microwave signal processing is demonstrated theo-
retically and experimentally. In the proposed scheme, an opti-
cal carrier is sequentially modulated by the signal under test
(SUT) in a phase modulator (PM) and a dual-polarization
Mach-Zehnder modulator (Dpol-MZM) to generate two + Ist-
order sidebands with orthogonal polarizations. A time delay
is introduced between two sidebands by a section of low-loss
optical fiber. Combined with a polarization controller (PC)
and a polarizer (Pol), photonic microwave downconversion
with tunable phase shift can be realized after photodetection,
and the phase noise of the SUT can be calculated thereafter.
In the experiment, a microwave photonic downconverter with
phase shifting ability is first demonstrated. Afterwards, accu-
rate phase noise measurement of SUTs is achieved in a fre-
quency range of 10-35 GHz, and a phase noise floor as low as
—132.16 dBc/Hz at 10 kHz is obtained. The proposed scheme
features compactness, high sensitivity and a wide measurement
range, which can find applications in the evaluation of wide-
band tunable microwave signal sources with very low phase
noise.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0001-7570-9098
https://orcid.org/0000-0002-6288-3908
mailto:oreoxyf@outlook.com
mailto:peizhou@suda.edu.cn
mailto:20205239013@stu.suda.edu.cn
mailto:zhouzhihua2022@163.com
mailto:zhouzhihua2022@163.com
mailto:nli@suda.edu.cn

5538706

Delay Line

Fig. 1. Schematic diagram of the typical delay-line-based frequency dis-
criminator method. SUT: Signal under test; Div: Electrical power divider; PS:
Microwave phase shifter; Mix: Microwave mixer; LPF: Low pass filter; FFT:
Fast Fourier transform.

II. PRINCIPLE

A. Typical Delay-Line-based Frequency Discriminator
Method

For a better understanding of the proposed phase noise mea-
surement system, the typical delay-line-based frequency dis-
criminator method is briefly introduced, as shown in Fig. 1 [3].
Mathematically, the SUT can be expressed as

S (t) = Vo cos [wot + ¢ (1)] (0

where V( and wq are the amplitude and angular frequency of the
signal, respectively, and ¢(t) is the phase fluctuation. Then, it is
divided into two branches by an electrical power divider (Div).
In the upper branch, a proper time delay of 7 is introduced by a
section of electrical cables, and the delayed signal is given by

Vi(t) = gVO cos(wo (t—7)+ ¢ (t—1)] (2)

In the lower branch, the microwave signal passes through a
microwave phase shifter (PS) to obtain a tunable phase shift of 6
before mixing with the upper-branch signal. The phase-shifted
signal before the microwave mixer (Mix) is

Vo (t) = ?VO cos [wot + ¢ (t) + 6] 3)

Subsequently, the electrical signals in both branches are mixed
with each other before being sent to a low pass filter (LPF). The
voltage signal at the output of the LPF is

Vo (t) occos[p(t) = ¢ (t = 7) + wor + 0] @

By tuning the PS, the phase difference between the two signals
in both branches can be adjusted in quadrature, i.e., woT +6 =
2km + /2 is satisfied, where k is an integer. Therefore, the
voltage signal becomes

Vo (t) ocsinfp () —p(t -7l = [p(t) = (t=7)] )

Based on (5), the power spectral density (PSD) of V(#) can
be represented as

So (f) o sin® (mf7) S, (f) (6)

where S (f) is the PSD of the phase fluctuation and So(f) can be
measured by a fast Fourier transform (FFT) analyzer. Therefore,
the single sideband (SSB) phase noise power spectrum, denoted
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[ All-Optical Microwave Signal Processing Module

Fig. 2. Schematic diagram of the proposed all-optical phase noise measure-
ment method. LD: Laser diode; PM: Phase modulator; SMF: Single mode fiber;
Dpol-MZM: Dual-polarization Mach-Zehnder modulator; PR: Polarization ro-
tator; PBC: Polarization beam combiner; OBPF: Optical bandpass filter; PC:
Polarization controller; Pol: Polarizer; PD: Photodetector.

as L(f), can be obtained as

So (f)
2 sin? (7 f7)

(N

B. Proposed All-Optical Phase Noise Measurement Method

Fig. 2 provides the schematic diagram of the proposed all-
optical phase noise measurement method. The purple dashed
box is an all-optical microwave signal processing module, which
consists of a laser diode (LD), a PM, a section of single mode
fiber (SMF), a Dpol-MZM, an optical bandpass filter (OBPF), a
PC, a Pol, and a photodetector (PD). An optical carrier from the
LD is sequentially modulated by the SUT in a PM and a Dpol-
MZM to generate two +1st-order sidebands with orthogonal
polarizations. A time delay is introduced between two sidebands
by a section of SMF. After the Dpol-MZM, an OBPF is applied
to select two orthogonally polarized + 1st-order sidebands with
different time delays. Combined with the PC and the Pol, pho-
tonic microwave downconversion with a desired phase shift can
be achieved after photodetection. Finally, the output signal from
the PD is sent to an FFT analyzer for phase noise calculation.
Compared with the phase noise measurement system in Fig. 1,
neither a microwave mixer nor a microwave phase shifter is
needed. The functions of microwave mixing and microwave
phase shifting in the system are achieved in the optical domain
by the all-optical microwave signal processing module, namely,
a microwave photonic downconverter with phase shifting ability
is realized. Its principle and the corresponding all-optical phase
noise measurement system are theoretically analyzed as follows.

1) Microwave Photonic Downconverter With Phase Shifting
Ability: Assuming that the PM is driven by a local oscillator
(LO) signal S1(r), whose amplitude and angular frequency are
Vy and wr,0, respectively, the optical signal at the output of the
PM is written as

Ey (t) = Ep exp [jwct + 751 coswiot] ©))
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In (8), Ey and w, are the amplitude and angular frequency
of the optical carrier, respectively, and 87 = wV; /V,1 is the
phase modulation index, with V1 being the half-wave voltage
of the PM. Then, the optical signal from the PM is sent to
the Dpol-MZM. The structure of the Dpol-MZM is depicted
in the green dashed box in Fig. 2, which consists of two parallel
sub-MZMs (X-MZM and Y-MZM), a 90° polarization rotator
(PR) and a polarization beam combiner (PBC). In the modulator,
the X-MZM driven by a radio frequency (RF) signal So(7) with
an amplitude of V5 and angular frequency at wry is biased at
the minimum transmission point (MITP) for carrier-suppressed
double-sideband (CS-DSB) modulation, and no modulation sig-
nal is applied to the Y-MZM. In this case, at the output of the
Dpol-MZM, the optical fields in two orthogonal polarization
states, i.e., x polarization and y polarization, are

Exi1(t)] V2
{Eil (t)] =5 B
[GXP (j B2 cos wrpt+jm/2) + exp (—j B2 cos wrpt —jm/2) ]
1

9)

where 55 = V5 /V o is the modulation index and V.5 is the half-
wave voltage of the X-MZM. After the Dpol-MZM, an OBPF
is applied to select two + 1*'-order optical modulation sidebands
in both polarizations. Based on the Jacobi-Anger expansion, the
optical signal after the OBPF can be expressed as

[pet]

—2Jo (B1) J1 (B2) exp (jwrrt)

JJ1 (B1) exp (jwiot) ] (10

V2 ,
= TEO exp (jwet)
where J,(-) is the n"-order Bessel function of the first kind.
Next, a Pol is used to align the two orthogonal signals in (10)
into the same polarization direction. The optical signal after the
Pol is

Es (t) =cosa - Exa +sina - By

(1)

where « is the angle of the principal axes between the Dpol-
MZM and the Pol, and can be adjusted by tuning the PC before
the Pol. After photodetection by the PD, the downconverted sig-
nal can be extracted, and the photocurrent can be approximately
expressed as

Irp (t) o sin [(pr — OJL()) t+ QOL] (12)

As can be seen from (12), the RF frequency wrp is downcon-
verted to an intermediate frequency (IF) of wir = WrF — WLO-
More importantly, the phase of the IF signal can be continuously
tuned in a full 360° range by adjusting the PC before the Pol. In
addition, the amplitude of the IF signal will not change during
the phase shifting.

2) Wideband Phase Noise Measurement: AsshowninFig. 2,
an all-optical phase noise measurement system is built based
on the aforementioned microwave photonic downconverter with
phase shifting ability. The schematic optical spectra at some key
nodes are also illustrated in the dashed boxes in the lower part
of Fig. 2. In the system, S1(#) and S5(#) are two identical signals
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Fig. 3.

Photograph of the experimental setup.

from the SUT to serve as drive signals of the PM and Dpol-MZM,
respectively. The expression of the SUT is given in (1). Besides,
a proper time delay of 7 is introduced by a section of SMF
between the PM and Dpol-MZM. The optical signal after the
OBPF can be rewritten as

E 2 .
[Ei(z Eg] = \/T_EO exp [jwe (t — 7)) -
|: _2JO (61) Jl (62) exp [ijt+j<,0 (t)] (13)
3J1 (B1) exp [jwo (t — 7) + jo (t — 7)]
In (12), the output current from the PD now becomes
Ipp (t) o sinfp (t) — @ (t — T) + woT + 2a (14)

By tuning the PC, « can be adjusted to satisfy wor + 2a0 =
2km, where k is an integer, and (14) can be simplified to

I (1) ocsinfp (t) =@ (t = 1) = [p (1) - —7)] (15)

It can be seen that (15) is the same as (5), and the SSB phase
noise power spectrum L(f) can be calculated in the same way
thereafter. Since all the microwave signal processing functions
in the conventional delay-line-based frequency discriminator
method are implemented in the optical domain, the proposed
phase noise measurement scheme has a large operational band-
width and a high measurement sensitivity.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Microwave Photonic Downconverter With Phase Shifting
Ability

To verify the feasibility of the proposed system, a proof-of-
concept experiment is carried out according to the setup shown in
Fig. 2. First, an experiment is performed to verify the feasibility
of the microwave photonic downconverter with phase shifting
ability. A photograph of the experimental setup is shown in
Fig. 3. In the experiment, an optical carrier at 1550.116 nm from
the LD (Agilent N7714A) with a maximum power of 16 dBm
is sent to a 40-GHz PM (iXblue MPZ-LN-40). The Dpol-MZM
(Fujitsu FTM7980EDA) has a 3-dB bandwidth of 22 GHz and
a half-wave voltage of 1.8 V. The RF and LO signals are
generated from two microwave signal sources (R&S SMA100B;
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Fig. 4. (a) Optical spectra after the Dpol-MZM (black) and its spectral com-
ponents in the x polarization (red) and y polarization (blue); (b) Optical spectra
after the OBPF (black), its spectral components in the x polarization (red) and y
polarization (blue) and the transmission response of the OBPF (green).

Anritsu MG3692B). After the Dpol-MZM, an OBPF (Finisar
Waveshaper 1000A) with a roll-off factor of 400 dB/nm is used
to extract a pair of +1%-order sidebands. An erbium-doped fiber
amplifier (EDFA, Amonics AEDFA-PA-35-B-FA) and another
OBPF (WL Photonics Inc.) with a bandwidth of 0.78 nm are
applied to boost the optical power of the extracted sidebands
and suppress the amplified spontaneous emission (ASE) noise
of EDFA, respectively. Both devices can be saved if an LD
with a higher output power, and/or a Dpol-MZM with a smaller
insertion loss is available. Subsequently, the obtained signal
transmits through the PC and a Pol before being detected by a
20-GHz PD (Optilab PD-20). The output electrical signal from
the PD is measured in a 20-GHz oscilloscope (LeCroy Wave-
Master 820Zi-B). Here, a polarization beam splitter (PBS) with
a polarization extinction ratio of over 30 dB serves as a Pol. The
optical spectra are monitored by an optical spectrum analyzer
(Ando AQ6317B), while the electrical spectra are measured by
an electrical signal analyzer (R&S FSV40).

The frequency downconversion performance is investigated
by applying an 18-GHz RF signal and a 15-GHz LO signal to the
system. The output power of the RF and LO signals are 15.2dBm
and 13 dBm, respectively. The optical spectra after the Dpol-
MZM and after the OBPF as well as the transmission response
of the optical filter are plotted in Fig. 4. As shown in Fig. 4(a),
the optical signal in the Y-MZM is not modulated, whereas it
is modulated by an 18-GHz RF signal and carrier-suppressed
by 47 dB at the X-MZM. As shown in Fig. 4(b), a pair of
orthogonally polarized + 1st-order sidebands are selected after
the OBPF, and other optical components are significantly sup-
pressed. Fig. 5(a) is the electrical spectrum of the IF with a fre-
quency of 3 GHz, which is measured after the PD. No additional
low-pass electrical filter after PD is needed to remove unwanted
signals, and no obvious spur components are observed. Fig. 5(b)
shows the normalized temporal waveforms of the 3-GHz IF
signal with different phase shifts. In Fig. 5(b), by adjusting the
PC, the downconverted signal with phase shifts of 0° (360°), 90°,
180°, and 270° are captured. In addition, the amplitude of the
waveform with different phase shifts remains almost unchanged,
which agrees well with the theoretical analysis. Without loss of
generality, the LO frequency is adjusted to 16 GHz, and the
results of the 2-GHz IF signal are shown in Fig. 5(c) and 5(d).
The results confirm that photonic microwave downconversion
with tunable phase shift is successfully realized.
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Fig. 6. (a) Optical spectra after the Dpol-MZM (black) and its spectral com-
ponents in the x polarization (red) and y polarization (blue); (b) Optical spectra
after the OBPF (black) and the transmission response of the OBPF (green).

B. Wideband Phase Noise Measurement

Next, we carried out a wideband phase noise measurement
experiment. It is worth noting that during the phase noise mea-
surement, the electrical signal after PD is a baseband signal, and
alow-speed PD with MHz bandwidth would be sufficient. In the
experiment, a 20-GHz signal from Anritsu MG3692B is used as
the SUT, and the length of the SMF is 2 km. As a comparison,
the optical spectra after the Dpol-MZM and OBPF as well as
its transmission response are shown in Fig. 6(a) and 6(b). In
Fig. 6(a), a carrier suppression ratio of approximately 50 dB is
observed in the X-Pol of the Dpol-MZM. As shown in Fig. 6(b),
spectrally pure +1%-order optical sidebands are obtained.

Before the phase noise calculation at an FFT analyzer (Agilent
35670A), itis vital that the PC should be tuned to adjust the phase
shift between Sy (¢) and S»(7), and woT + 2 = 2k7r is satisfied.
Then, the phase noise of the 20-GHz signal is tested, and the
resultis plotted in Fig. 7(a). As a validation of the obtained phase
noise, the phase noise result measured by a commercial signal
analyzer (R&S FSV40) is also included. It can be found that the
two curves agree well with each other when the offset frequency
is over 1 kHz, which proves the measurement accuracy of the
established system. The deviation of close-in phase noise with a
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wideband signal source (R&S SMA100B) measured by the proposed system
(black) and those provided by the datasheet (red).

slope of 1/fis mainly due to the flicker noise in the PD. By using
a high-linear PD with better noise performance, it can be greatly
reduced [28]. Then, the phase noise floor of the established
system, which indicates its measurement sensitivity, is evaluated
by replacing the 2-km SMF with an optical attenuator that has
the same insertion loss [14]. As shown in Fig. 7(b), a low noise
floor of —126.31 dBc/Hz at a 10 kHz offset is achieved, which
means that good sensitivity is achieved by the proposed method.
In Fig. 7(b), some spurs at integral multiples of 18 kHz are
observed, which may be induced by the internal noise of the FFT
analyzer, since they still exist when no input signal is applied.
In addition to the good performance in measurement accu-
racy and sensitivity, another advantage of the proposed phase
noise measurement system is the large measurement frequency
range because of the realization of all optical microwave signal
processing. To demonstrate the wideband tunability of the pro-
posed system, the frequency of the microwave signal generated
from a wideband microwave signal source (R&S SMA100B) is
adjusted from 10 to 35 GHz with a step of 5 GHz. The measured
phase noise at 10 kHz and 20 kHz offsets is shown in Fig. 8(a)
and 8(b), where typical values provided by the datasheet are
also included [29]. It can be seen that the measured results fit
quite well with those in the datasheet. The difference is kept
within 2 dB, except for the 4.4-dB difference at a 10 kHz offset
at 10 GHz. The relatively large deviation at 10 GHz is induced
by the residual optical carrier component, which is not fully
suppressed by the OBPFE. This result proves that the proposed
system is able to operate from 10 to 35 GHz with outstanding
measurement accuracy. In the experiment, the minimum opera-
tional frequency is restricted by the roll-off factor of the OBPF,
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Fig.9. Phase noise floor of the proposed system with different lengths of SMF.

and the upper limit of the operational frequency is attributed
to the 3-dB bandwidth of the Dpol-MZM. On the one hand,
the minimum operational frequency can be further expanded to
3.7 GHz if a 1500 dB/nm roll-off factor optical filter is used
[30], or cascading a dual-drive Mach-Zehnder modulator and
a dual-polarization dual-parallel Mach-Zehnder modulator with
two electrical 90-degree hybrids to avoid the use of an OBPF.
On the other hand, by using a Dpol-MZM with a larger 3-dB
bandwidth, e.g., 110 GHz [31], the upper limit of the operational
frequency also has the potential to be greatly expanded.

Finally, the phase noise floor of the proposed system when us-
ing different lengths of fiber is investigated in Fig. 9. From Fig. 9,
one can conclude that the sensitivity of the system is improved
with increasing fiber length. However, the reliable range of offset
frequency is sacrificed. Specifically, the measured phase noise
floor reaches —132.16 dBc/Hz at a 10 kHz offset for the 5-km
fiber. It should be noted that this result can be further improved
if the use of an EDFA and a second OBPF is avoided [32] by
using an LD with a higher output power and/or a Dpol-MZM
with a smaller insertion loss [31]. Besides, if a low-speed PD
with a bandwidth of several MHz and possibly higher sensitivity
is applied, the measurement sensitivity is also expected to be
improved. In addition, the phase noise measurement sensitivity
can be further enhanced by building two identical systems to
implement two-channel cross-correlation, and an improvement
of approximately 15 dB can be realized by averaging 1000 times
[33], [34].

IV. CONCLUSION

In conclusion, we have proposed and demonstrated a novel
scheme for wideband phase noise measurement based on all-
optical microwave signal processing. Since all the microwave
signal processing functions in the conventional delay-line-based
phase noise measurement system are implemented in the optical
domain, e.g., microwave frequency mixing and phase shift-
ing, the proposed scheme can achieve both a large operational
bandwidth and a high measurement sensitivity. The key unit
of the proposed method is the all-optical microwave signal
processing module, and photonic microwave downconversion
with a tunable phase shift over the 360° range is successfully
obtained. Based on the microwave photonic downconverter with
phase shifting ability, the phase noise of microwave signals is
experimentally measured. Accurate phase noise measurement
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of SUTs is achieved in a wide frequency range of 10-35 GHz,
and a phase noise floor as low as —132.16 dBc/Hz at 10 kHz
is obtained. Compared to the PolM-based schemes, the use of a
Dpol-MZM promises a cheaper cost and a potential for a higher
measurement range up to 110 GHz [31]. The proposed scheme
features compactness, high sensitivity and a wide measurement
range, which can find applications in the evaluation of wideband
tunable microwave signal sources.
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