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Wideband Microwave Phase Noise Analyzer Based
on an All-Optical Microwave 1/Q Mixer

Jingzhan Shi
and Shilong Pan

Abstract—Digital phase demodulation can greatly simplify the
calibration of microwave phase noise analyzers (PNAs) based on
frequency discriminators, and avoid the use of feedback loops, but
the required microwave in-phase and quadrature (I/Q) mixer al-
ways has a small operational bandwidth, leading to a limited phase
noise measurement frequency range. In this paper, a novel photonic
microwave PNA based on digital phase demodulation is proposed
and investigated, using an all-optical microwave I/Q mixer that
consists of a Mach-Zehnder modulator, a polarization modulator
and two polarizers. Different from conventional electrical I/Q mix-
ers, which rely on electrical hybrids to introduce a 90-degree phase
difference between the I and Q channels, the all-optical microwave
I/Q mixer achieves the 90-degree phase difference by properly
setting the polarizers, ensuring a broad operational bandwidth.
The major problems associated with the use of the optical mixer
in the PNA, i.e., DC interference and I/Q mismatch, are solved by
tuning a variable delay-line together with post signal processing. In
addition, to improve the phase noise measurement sensitivity, the
time delay required in the frequency discriminator is implemented
by a span of low-loss fiber. Experimental results show that the 1/Q
mixer can maintain a good performance within a frequency range
from 5 to 40 GHz, and the proposed PNA has a high sensitivity
(<-100 dBc¢/Hz@1 kHz and <-130 dBc/Hz@10 kHz).

Index Terms—Phase noise, 1/Q mixer, frequency discriminator,
microwave photonics.

1. INTRODUCTION

HASE noise is an important parameter for evaluating the
P short-term frequency stability of a single-frequency sig-
nal source [1]. Microwave signal sources having a low phase
noise and a large frequency tuning range are highly demanded
in modern electronic systems such as radar, communication,
and measurement systems [2]-[4]. The development of ultra-
low phase noise microwave signal sources has put forward ur-
gent requirements for high-sensitivity phase noise analysis of
broadband-tunable microwave signal sources. Among the meth-
ods developed for phase noise analysis [5]-[7], phase noise
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Fig. 1. (a) Schematic diagram of the delay-line based frequency discriminator

system for phase noise measurement. SUT: signal under test. LPF: low pass
filter. (b) Schematic diagram of the phase noise measurement system using
digital phase demodulation. ADC: analog-to-digital converter; DSP: digital
signal processing.

measurement using a delay-line based frequency discriminator
does not need a high-quality reference source, which can po-
tentially achieve a larger measurement bandwidth and a better
phase noise measurement sensitivity [8]. In the delay-line based
frequency discriminator, as shown in Fig. 1(a), the signal under
test (SUT) is first split into two branches, delayed in one branch
by a certain time and then mixed in a frequency mixer with
the one in the other branch. After a low-pass filter, phase noise
of the SUT can be extracted. The phase noise measurement
sensitivity is mainly determined by the amount of time delay.
Since electrical delay lines are always bulky and lossy, optical
delay lines realized by low-loss optical fiber can be applied to
provide a much larger amount of time delay [9]-[16]. To en-
large the operational bandwidth which is mainly limited by the
electrical components, microwave photonic phase shifters and
mixers were also adopted to replace their electrical counterparts
[12]-[15]. However, for any kind of frequency mixers, when
converting the phase difference between the two input signals
into a voltage signal, the conversion coefficient is dependent
on the input power, which would introduce amplitude noise
in the phase noise measurement. To ensure the measurement
accuracy, the coefficient needs to be determined by a calibra-
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Schematic diagram of the proposed PNA. LD: laser diode; MZM: Mach—Zehnder modulator; VODL: variable optical delay-line; PC: polarization
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controller; PolM: polarization modulator; EDFA: erbium-doped fiber amplifier; OBPF: optical bandpass filter; Pol: polarizer; PD: photodetector.

tion process using a signal source with known phase noise or
a phase-modulated signal source. The amplitude and frequency
of the signal source for calibration should be the same as those
of the SUT, making the calibration extremely complicated. Be-
sides, a phase shifter is required in one of the branches to keep a
quadrature phase difference between the two input signals to the
mixer, which ensures that the phase detector (i.e., the mixer and
the low-pass filter) operates at a linear transmission point. The
linear operational point is important to the phase noise measure-
ment, at which the phase detector has the maximum phase-to-
voltage and minimum amplitude-to-voltage conversion coeffi-
cients. Since the length of the optical fiber is usually dependent
on temperature and environment vibration, in practice a feed-
back loop should be applied to automatically adjust the phase
shifter. However, the use of the feedback loop not only compli-
cates the system, but also suppresses the phase noise of the SUT
within the bandwidth of the feedback loop because the phase
noise to be measured is essentially a kind of phase drift.

To overcome the problems associated with the phase detector
and the feedback loop, digital phase demodulation technique
was proposed [17]-[20], which applies in-phase and quadrature
(I/Q) frequency mixing to obtain the I and Q components of the
downconverted signal, as shown in Fig. 1(b). With a certain algo-
rithm, the phase noise can be calculated without introducing 90-
degree phase difference between the delayed signal and the LO
signal. As a result, the use of phase shifters and feedback loops
is avoided. To increase the measurement sensitivity, previously,
we established a microwave phase noise analyzer (PNA) based
on an optical delay line and digital phase demodulation [19]. A
phase noise measurement sensitivity of —134 dBc/Hz@ 10 kHz
was demonstrated for a carrier frequency of 10 GHz. We also
demonstrated that using a photonic-assisted I/Q mixer to re-
place the electrical mixer, a wide measurement bandwidth can
be achieved [20]. However, an electrical 90-degree hybrid is
required in the photonic-assisted I/Q mixer, which always has a
limited bandwidth and uneven magnitude and phase responses.
In addition, the photonic-assisted I/Q mixer would result in
DC-interference problem in the PNA. To solve this problem,
a two-step measurement was applied [20], with one measure-
ment performed using the 90-degree hybrid and the other im-
plemented using a 180-degree hybrid, making the measurement
process sophisticated. Besides, [20] has ignored the problems of
amplitude and phase mismatch between the I and Q channels,
which may lead to considerable measurement error.

In this paper, a novel wideband PNA based on an all-optical
microwave I/Q mixer and an optical delay line is proposed and

experimentally investigated. Photonic-assisted microwave 1/Q
mixers have been demonstrated to have very wide operational
bandwidth [21]-[23]. The I/Q mixer used in the proposed PNA is
realized without any electrical hybrid, enabling a measurement
bandwidth that only limited by the bandwidth of the electro-
optical devices. Besides, we propose a method to solve the DC-
interference and the I/Q-mismatch problems by simply tuning an
extra variable optical delay line (VODL) followed by post signal
processing. This paper is organized as follows. In Section II, the
principle of the proposed PNA is described and the method to
solve the DC-interference and I/Q-mismatch problems is pro-
posed. In Section III, experimental investigation of the proposed
PNA is carried out. Performance of the I/Q mixer, phase noise
measurement accuracy, sensitivity, and measurement bandwidth
are investigated. Section IV gives the conclusion.

II. PRINCIPLE

Fig. 2 shows the schematic diagram of the proposed PNA
based on an all-optical microwave I/Q mixer, which is realized
by a zero-chirp Mach-Zehnder modulator (MZM), a polariza-
tion modulator (PolM) and two polarizers. A lightwave with a
frequency of f. generated by a laser diode (LD) is injected into
the MZM biased at the quadrature point. The MZM is driven by
the signal under test (SUT). Assume the SUT is expressed as
cos[27 fot + ¢(t)], where fy and (7) are the carrier frequency
and phase fluctuation of the SUT, the optical field at the output
of the MZM is given by

E; (t) o cos {a cos[2m fot + o(t)] + g} ej<2ﬂf°t " %)

~ 7{]0 (og)ej (27r,fct + %)

Vi
l J2m(fe—fo)t—j(t) +j—
e 4

T
127 ( fe t+50(t ] —
L +fo>+w<>+;4] 0

where « is the modulation index of the MZM. The output signal
from the MZM is then sent to the PolM driven again by the SUT
via a span of fiber and a VODL. The polarization direction of the
incident light is oriented at an angle of 45° to one principal axis
of the PolM. The PolM is a special phase modulator that can
support both Transverse Electric (TE) and Transverse Magnetic
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(TM) fields with opposite phase modulation indices [24]. The
optical field after the PolM is written as

Ey(t — 1 — 7y)elfcosrfotto(®)] +j¢
o y 2)
E (t — 1 — 7'\,)673’3 cos[2m fot+p ()]

Ex(t)
Ey(t)

where 7y and 7, are the time delays introduced by the fiber and
the VODL (7y >> 7), respectively, (3 is the phase modulation
index of the PolM, and ¢ is the phase difference between F
and E,, which is adjusted to 90° by the DC-bias of the PoIM.
The output of the PolM is amplified and transmitted through an
optical bandpass filter (OBPF), and then split into two branches,
with each branch incorporating with a polarizer. Since the OBPF
and polarizers are linear and passive devices, for simplicity we
switch their orders in the following analysis.

Mathematically, when the PolM is followed by a polarizer of
which the polarization direction has an angle of  to one of the
principal axes of the PolM, the optical field at the output of the
polarizer is expressed as

E5(t) o< cosy - Ex(t) +sin~y - Ey(t) 3)

In the upper branch, + is adjusted to 45°, so (3) can be rewrit-
ten as
V2

E5(t) 7E1 (t—m — Tv)ej%

. {ej[{icos[ZﬂfUtﬂa(t)] +%] + efj[;3cos[27rfut+<,9(t)]+ ?T]}

=V2FE, (t—m — Tv)ej%

- cos {ﬁ cos[27 fot + @(t)] + %} 4)

As can be seen, the PolM together with Poll functions as a
zero-chirp MZM biased at the quadrature point. When + is set
to 90°, the PolM in combination with Pol2 functions as a phase
modulator (PM), i.e.,

Ey(t) = Ey(t) o< By (t — 7 — 1) /P cosrhtte®] s

The OBPF is used to select the -1st-order sideband of the
modulated signal, so only the -1st-order sidebands in (4) and (5)
are left. We obtain

2 - -
E; (t) x — g‘h (Oé)Jo (ﬁ)@j [277(f<: —fo)(t=T0—7y)—p(t—70—Ty)+ 7]
V2
- 7J0 () J1(B)
w e [2m(fe=fo)(t=To—T) =27 fo (10 + )~ (t)+ T ]
B (t) o _ng (a)Jo (5)61'[27T(ffffo)(tfmfﬂ)*w(tfmfﬂ)?’%]
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Fig. 3.

vi(t) and vq(t) as a function of 7y.

Then, two photodetectors (PDs) are used for square-law de-
tection in the upper and lower branches, respectively, which gen-
erates a pair of zero-intermediate-frequency voltages, given by

vi(t) o< R Z[|Bs (8) 1> = Io + I(1)

vo(t) o Ry Z|| Es ()| = Qo + Q(t) (M
where R; and R, are the responsivities of the two PDs,
respectively, Zp, is the input impendence, and

Iy = 32 [T (5) + J (@) (0]

Qo = 32 [JH@)R(B) + T (@)1 (5)]

I(t) = =Ry Z1J1 () Jo (8)Jo () J1 (B) cos [1(t)]
Q(t) = —Ro ZuJy () Jo (B) Jo (@) J1 (B) sin [40(t) + 0] (8)

where ¢ (t) = 2 fo (10 + 7v) + ¢(t) — (t — 79 — 7v), and d
is the phase mismatch between /(¢) and Q(7) due to the different
path lengths of the two branches. There is also amplitude mis-
match (denoted as k- Ry /R;) between I(r) and Q() due to the
different responsivities of the PDs in the two branches. Accord-
ing to (7) and (8), the phase term (f) can be calculated by

4(8) = atan <Q(t) ) Sin(&p))

krI(t) cos(dep)

~ atan [ [P0(t) = Qo] — kr[ui(#) — Io]sin(d¢)
- ( kr[vi(t) — 1) cos(d¢) ) ®

As can be seen from (9), in order to figure out (#) based
on the digitalized voltages vi(t) and vg(t), the values of I,
Qo, kr, and dp should be known. To do so, we slowly increase
or decrease the time delay 7, introduced by the VODL with a
constant rate. Since the variation of 7, only affects /(7) and Q(?)
while maintain I and () unchanged, as can be seen from (8), we
can obtain [ and Qo by recording v;(t) and vq(t) as a function
of 7. The curves in Fig. 3 illustrates the voltages variations of
vi(t) and vg(t) when tuning the VODL, both complying with a
sinusoidal function. With the two curves, the values of I, @,
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kg, and d¢p can be calculated through
max[vr(t)] + min[vy(t)]

Iy = .
Q0 = max|vg(t)] ;—min[vQ(t)]
o _ Ao _ maxtu(t)] ~ minfuo(1)
Ay max[v(t)] — minfvr(#)]
5o = 360° X (t1 —t2) (10)

T

where max[v(f)] and min[v(f)] are the maximum and the
minimum values of v(¢), respectively, Aq and A; are the
amplitudes of v(t) and wq(t), respectively, t; represents
the time when vy () reaches its maximum, ¢, is the closest time
to t; when vq(t) equals to (Qy, and T is the period of vi(t) or
vq(t), which is related to the carrier frequency of SUT and the
tuning speed of the VODL.

After the values of Iy, Qo, kr, and dp are calculated, we
stop changing the time delay 7, for the following phase noise
measurement. During the phase noise measurement, () can
be figured out according to (9). Then, the single-sided PSD of
(1) can be written as

Sy (f) = (27 f0)* Sro(f) + (27 f0)*Sro (f) + Sap (f) (1)

where Sy (f), Sro(f), Sro(f), Sa,(f) are the single-sided
PSD of (1), 79, 7y, and p(t) — o(t — 19 — Ty, respectively.

Considering that 7y is a constant and T is also a constant after
we stop tuning the VODL, the first and the second components of
Sy (f) only make contributions to Sy (f) at the offset frequency
of 0, so we have

Sap(f) =5y (f), [#0

According to [19], the relationship between the single-sided
PSD of ¢(t) — p(t — 79 — 7) and that of the phase fluctuation

o) is

12)

- Sap(f) Sae (/)
5o () = o2 [Wfiﬂ) +7)] 4Sin22977f70)

where S, (f) is the single-sided PSD of (7). The time delay 7,
introduced by the VODL is ignored in (13) because it is far less
than the time delay 7, introduced by the fiber.

Phase noise of the SUT, denoted by L(f), is one-half of the
single-sided PSD of the phase fluctuation ¢(#) [1], given by

_Se(f) — Se(f)
L(f) = 992 ~ 8sin?(7fr)’

In (14), the phase noise values at the offset frequency of zero
is not included. In most of the cases, the phase noise at zero is
not of interest.

13)

A0 (4

III. EXPERIMENTAL RESULTS AND DISCUSSION

Based on the setup in Fig. 2, an experiment is carried out
to investigate the performance of the proposed PNA. The pho-
tograph of the experiment system is shown in Fig. 4, and the
parameters of the devices are listed in Table I. In the experiment,
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Fig.4. Photograph of the experimental setup. PBS: polarization beam splitter.

TABLE I
PARAMETERS OF THE MAIN DEVICES IN THE EXPERIMENTAL SETUP

Device Manufacturer, Version Parameters
LD TeraXion, Wavelength: 1550.52 nm;
PS-NLL-1550.52-080-  Output Power: 19 dBm
000-A1
MZM EOSPACE, 3-dB bandwidth: 40 GHz;
AX-OMVS-40-PSA-F  Half-wave voltage: 8 V
SA
Fiber YOFC, Length: 2-km SMF*
TBF-I-VY-1B1.3
VODL General Photonics, Range of time delay: 0-600 ps
VDL-001-15-600-SM-
FC/APC
PolM Versawave, 3-dB bandwidth: 40 GHz
PL-40G-3-1550-V-FC
P-FCU
EDFA Amonics, Gain: >35 dB (input power < -10
AEDFA-35-B-FA dBm)
OBPF Yenista, XTM-50/S Tuning range: 1450-1650 nm;
Bandwidth: 50-950 pm;
Edge roll-off: 500 dB/nm
PD1,2 Discovery 3-dB bandwidth: 12 GHz;
Semiconductors, Responsivity: 0.8 A/W@1550 nm
DSC50S
ADC National Instruments, Sampling frequency: 204.8 kHz;
PX1-4462 Number of channels: 4;
Sampling resolution: 24 bit
Coupler Malaysia Frequency range: 0-50 GHz

*SMF: single-mode fiber.

a polarization controller (PC) followed by a polarization beam
splitter (PBS) is used as a polarizer. The polarization angle of
the equivalent polarizer can be tuned by adjusting the PC.

A. All-optical Microwave I/Q Mixer

Before phase noise measurement, performance of the all-
optical microwave I/Q mixer is investigated. In the experiment,
a 10.01-GHz signal generated by an analog signal generator
(Agilent, E8257D-option 567) and a 10-GHz signal generated
from another signal generator (Agilent, E8257D-option 540)
are sent to the RF-port of the MZM and PolM, respectively.
The -1%-order sidebands of the optical signal after the PolM is
selected by an OBPF. Fig. 5(a) shows the response of the OBPF,
and the optical spectra of the optical signals at the outputs of
the MZM and the PolM and the signal after the OBPF, which
are measured by an optical spectrum analyzer with a resolution
of 20 pm (YOKOGAWA, AQ6370C). At the output of the two
PDs, a pair of 10-MHz intermediate-frequency (IF) signals are
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Fig. 5.

(a) The response of the OBPF (dash-dotted curve), and the spectra of the optical signals at the outputs of the MZM (solid curve) and the PolM (dashed

curve), and the spectrum of the lightwave after the OBPF (dotted curve), (b) the waveforms of the obtained 10-MHz IF signals, and (c) the powers of the IF signals

and phase difference between them as a function of RF frequency.
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Fig. 6. A pair of digitalized tracks after the ADCs as the time delay 7, changes
with a constant rate.

obtained. To eliminate the DC components in the signals, a DC
block is connected to each PD. A four-channel 32-GHz digital
oscilloscope (Agilent, DSO-X 92504A) is used to record the
waveforms of the two IF signals. As shown in Fig. 5(b), the two
IF signals have almost equal amplitudes and a 90-degree phase
difference, which indicates the proposed I/Q mixer is feasible.
Next, power balance and phase mismatch between the I and Q
channels are measured as a function of the input RF frequency.
In the measurement, frequency of the signal applied to the MZM
is tuned from 5 to 40 GHz with a step of 5 GHz, and frequency of
the signal driving the PolM is tuned accordingly to be 10 MHz
lower such that the output IF signal has a fixed frequency. The
measurement results are shown in Fig. 5(c). As can been seen,
the proposed I/Q mixer is able to maintain a small power mis-
match (<1 dB) and a good quadrature-phase difference (varia-
tion within 3°) between the I and Q channels, when the input
RF signal changes in a very large frequency range from 5 to
40 GHz. For RF frequency from 10 to 40 GHz, the conversion
gain decreases as the RF frequency increases, which is attributed
to the frequency dependence of the electro-optic modulation

——— R&S FSV40 (direct spectrum method)
-404 — =The proposed phase noise analyzer

Phase noise (dBc/Hz)

-140
10°

10° 10 10°

Offset frequency (Hz)

Fig. 7. Phase noise of a 10-GHz clock signal measured by R&S FSV40 (solid
curve) and that measured by the proposed PNA (dashed curve).

responses of the MZM and the PolM. For RF frequency at
5 GHz, the mixer has a relatively low IF output power and a large
phase mismatch, because the OBPF has a limited roll-off factor.

B. Phase Noise Measurement Accuracy

In order to verify the measurement accuracy of the proposed
PNA, the phase noise of a 10-GHz clock signal generated by a
pulse pattern generator (Anritsu MP1763C) is measured. In the
measurement, the time delay provided by the VODL is slowly
adjusted with a constant speed. The obtained signals in the I and
Q channels difference, vi(t) and vg(t)), are digitized by two
ADCs, with the results shown in Fig. 6. Based on the results in
Fig. 6, the values of I, Qq, kg, and dp can be calculated ac-
cording to (10), i.e., Iy— 14.5mV, Qy-13.9mV, kg = 0.94, and
0 = —1.75°. Then, the phase noise of the 10-GHz clock signal
is obtained according to (9) and (14). The dashed curve in Fig. 7
shows the measurement result using the proposed phase noise
analyzer. As a comparison, the phase noise of the same signal
is also measured by a commercial signal source analyzer (R&S
FSV40) [25], which is plotted as the solid line in Fig. 7. It can be
seen that the measured result by the proposed PNA agrees well
with that measured by FSV40, especially at offset frequencies
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Fig.8. Phase noise floor of the proposed PNA for different carrier frequencies.
TABLE II
PHASE NOISE FLOOR AT OFFSET FREQUENCIES OF 1 AND 10 KHZ FOR
DIFFERENT CARRIER FREQUENCIES

Carrier Frequency, Phase Noise Floor Phase Noise Floor @10
GHz @1 kHz, dBc/Hz kHz, dBc/Hz
5 -104 -133
10 -106 -136
20 -106 -135
30 -103 -132
40 -101 -130
50 -94 -124

larger than 1 kHz. At offset frequencies lower than 1 kHz, there
is evident difference between the results, which is mainly caused
by two factors. One factor is the conversion coefficient from the
PSD of the phase term v (¢) to the phase noise L(f). According
to (14), the coefficient is 1/8sin (7 f7), which is infinite at
offset frequencies of N/rp (N =0,1,2,...). When N =0 is
considered, the measured phase noise at the offset frequencies
near zero will be higher than the real value. The other factor is
the length drift of the long optical fiber. As shown in (11), when
the time delay 7y is not a constant, the PSD of the phase term
(t) will not only contain the PSD of ¢(t) — ¢(t — 7 — 7v), but
also contain the PSD of 27 f1y. The varying 7, only has influ-
ence on the measured result at low offset frequencies, because
the drift of the time delay provided by the fiber is caused by
the slowly varying temperature (typically <1 kHz) or vibration
from the environment. It should be noted that it is a common
problem for all frequency-discriminator-based PNA [17], [20].

C. Phase Noise Measurement Sensitivity

Phase noise measurement sensitivity is evaluated by phase
noise floor, which refers to the minimum phase noise that can
be measured by the PNA. As suggested in [20], the phase noise
floor can be measured by replacing the fiber with an optical
attenuator, which has the same insertion loss with the fiber.
In order to measure the phase noise floor for different carrier
frequencies, a wideband signal source (E§257D-option 567) is
used to generate signals with carrier frequencies from 5 to 50
GHz. Fig. 8 shows the measured phase noise floors for different
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Fig. 9. Phase noise at offset frequencies of 1 and 10 kHz of signals having

different carrier frequencies generated by E8257D measured by the proposed
phase noise analyzer and those provided by the E8257D datasheet.

carrier frequencies. Table II lists the specific phase noise floor
at the offset frequencies of 1 and 10 kHz, respectively. As can
be seen, the phase noise floor of the proposed PNA is gener-
ally lower than -100 dBc/Hz at the 1-kHz offset frequency and
lower than -130 dBc/Hz at the 10-kHz offset frequency within
a large carrier-frequency range from 5 to 40 GHz, respectively.
For 50-GHz carrier frequency, the phase noise floor is obviously
degraded. In general, the phase noise floor is related to carrier
frequency because the IF power of the proposed I/Q mixer are
related to carrier frequency, as shown in Fig. 5(c), and accord-
ing to [17], the phase noise floor increases with the decrease of
IF power. The phase noise measurement sensitivity can be fur-
ther improved through two methods. One method is to increase
the time delay 7y by using a longer fiber. However, when the
time delay is increased, the reliable offset frequency range for
phase noise measurement will be reduced. The other method is
to apply two-channel cross correlation. By averaging the cross
spectrum of the phase terms v/(f) obtained from the two chan-
nels, the uncorrelated noise can be suppressed and the phase
noise measurement sensitivity can be improved by up to 20 dB
by averaging 10000 times [9].

D. Operational Bandwidth

Thanks to the use of broadband all-optical microwave
I/Q mixer, the proposed PNA is able to operate in a large
carrier-frequency range. In order to demonstrate this property,
the phase noise of RF signals with 5-GHz, 10-GHz, 20-GHz,
30-GHz, 40-GHz, and 50-GHz carrier frequencies generated
by the signal source (E8257D-option 567) are tested by the pro-
posed PNA, without using a signal source with the same power
and frequency as well as known phase noise for calibration.
The measured phase noise at offset frequencies of 1 and 10 kHz
are plotted in Fig. 9. As a comparison, the phase noises listed in
the E8257D datasheet [26] is also plotted. As can be seen, the
differences between the measured results and those provided by
the E8257D datasheet are less than 3 dB except for the 6-dB dif-
ference at 1-kHz offset frequency for 5-GHz carrier frequency.
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The large difference is because of the limited sensitivity of the
proposed PNA at 5-GHz carrier frequency, as shown in Fig. 8.

IV. CONCLUSION

In this paper, we have proposed and demonstrated a wideband
PNA based on an all-optical microwave I/Q mixer and an optical
delay line, which shows advantages of large operational band-
width, high sensitivity, and simple calibration. The proposed
PNA can find application in characterization of high-frequency
signal sources with ultra-low phase noise.
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