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Phase Noise Measurement of RF Signals by
Photonic Time Delay and Digital

Phase Demodulation
Jingzhan Shi, Fangzheng Zhang, Member, IEEE, and Shilong Pan , Senior Member, IEEE

Abstract— A simple and high-sensitivity frequency–
discriminator-based phase noise measurement system using
photonic time delay and digital phase demodulation is
comprehensively investigated and experimentally demonstrated.
By applying a low-loss optical fiber to provide a large amount of
time delay, high phase noise measurement sensitivity and large
operation bandwidth are guaranteed. Meanwhile, digital phase
demodulation is employed to avoid sophisticated feedback control
and complex calibration required in conventional frequency-
discriminator-based phase noise measurement scheme, which not
only eliminates the phase noise measurement error introduced
by the feedback loop but also suppresses the influence of the
amplitude noise in the signal under test. In addition, a solution
for the in-phase and quadrature mismatch problem in the digital
phase demodulation is proposed. An experiment is performed.
Accurate phase noise measurement is achieved in a large
bandwidth from 2 to 35 GHz. With a 2-km single-mode fiber
serving as the delay line, phase noise measurement sensitivity as
low as −134 dBc/Hz at 10 kHz is achieved at a RF frequency of
10 GHz. The phase noise sensitivity can be further improved by
applying a longer fiber. The proposed system is simple, accurate,
and stable, and can be applied for analysis of high-frequency
and ultralow phase noise microwave signal sources.

Index Terms— Digital phase demodulation, frequency discrim-
inator, microwave photonics, phase noise measurement, photonic
delay line.

I. INTRODUCTION

S INGLE-FREQUENCY microwave or millimeter-wave
signal source is widely used in modern communications,

radars and instrumentation systems. Typically, the performance
of a microwave or millimeter-wave system is highly dependent
on the quality of RF sources [1], [2]. Phase noise, which
denotes the short-term stability of a RF source, is one of the
most important specifications to evaluate the quality of the RF
source [3]. Simple and high sensitivity phase noise measure-
ment is therefore of great importance for the optimal design
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of high-performance microwave and millimeter-wave sources.
Up to now, there are generally three methods developed to
measure the phase noise of a signal source, i.e., direct spectrum
method, phase-detector method, and frequency-discriminator
method [4], [5]. Direct spectrum method is simple, but it
cannot distinguish between phase noise and amplitude noise.
Besides, the phase noise measurement sensitivity is usually
limited by the spectrum analyzer [4]. In the phase-detector
method, a high-quality reference source with phase noise
remarkably lower than that of the measured signal is required,
making it highly demanding when measuring a signal source
with ultralow phase noise [5]. The frequency-discriminator
method, in contrast, does not need a reference source. The
signal under test (SUT) is first split into two branches, one
of which is delayed by a certain time and then mixed with
the signal in the other branch [6]. By introducing a large time
delay between the two branches, the frequency-discriminator
method can achieve much better phase noise measurement
sensitivity compared with the previous two methods.

The conventional microwave frequency discriminator is
established based on an electrical delay line, which is short
(or with large power loss) and narrowband. Optical fiber is an
optimal replacement of the electrical delay line because a large
time delay can be achieved with very low loss (∼0.2 dB/km)
and broad bandwidth (>10 THz). Since the optical fiber
delay line was applied for phase noise measurement in a
frequency discriminator by E. Rubiola et al. [7], considerable
efforts have been devoted to improving the performance of the
photonics-based phase noise measurement systems [8]–[15].
These improvements are usually implemented by replacing
certain electrical components in the frequency discriminator
with their photonic counterparts. For instance, in [12], the elec-
trical phase shifter and mixer are replaced by a photonic
microwave phase shifter and mixer, respectively. Thanks to
the broadband microwave photonic signal processing [16],
the operational bandwidth of the phase noise measurement
system is dramatically increased.

Despite all these improvements, there are other factors
restricting the performance of the frequency-discriminator-
based phase noise measurement, especially the use of feedback
loops and phase detectors. The feedback loop is established
to ensure that the two inputs of the phase discriminator
are orthogonal to each other by dynamically controlling an
electrical or microwave photonic phase shifter. The use of the
feedback loop not only complicates the system configuration,
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but also influences the phase noise to be measured, resulting
in an inaccurate measurement. The phase detector usually
consists of a mixer and a low pass filter (LPF), which converts
the phase difference between the two input signals into a
voltage that can be measured. However, the conversion factor
is related to the power and frequency of the inputs of the
mixer, which not only makes the calibration intricate but also
introduces amplitude-noise-related measurement errors.

To overcome these problems, phase noise measure-
ment systems using digital phase demodulation were pro-
posed [17]–[20]. By using digital phase demodulation,
the phase noise information can be extracted from digital
samples of the in-phase and quadrature (I/Q) baseband signals
obtained from an I/Q mixer. The major advantage of using
digital phase demodulation technology is that the feedback
loop and the phase shifter are avoided. However, the time delay
is still provided by a short electrical delay line in [17] and [18],
which significantly limits the phase noise measurement sen-
sitivity and bandwidth. Besides, the conversion factor of
the mixer needs to be calibrated in [18]. In order to mea-
sure the conversion factor, two direct-current (dc) blocks
are added in [18]. However, the dc block would inevitably
affect the close-to-zero-frequency spectrum, which introduces
phase noise measurement errors at low offset frequencies.
Gheidi and Banai [18] also pointed out that the I/Q mismatch
in the digital phase demodulation could lead to measurement
errors, but did not provide any solution. In [19], a phase noise
measurement system based on photonic-assisted I/Q mixing
was reported, which provides a large operation bandwidth
and a good sensitivity. However, an additional procedure of
replacing a 90° hybrid by a 180° hybrid is required for each
measurement to eliminate the dc interferences introduced by
the photonic-assisted I/Q mixer, which dramatically compli-
cates the measurement process. Recently, we have proposed
a phase noise measurement system based on photonic time
delay and digital phase demodulation, which is free of dc inter-
ferences [20]. However, only some preliminary experimental
observations were reported, and the I/Q mismatch problem in
the digital phase demodulation exists. In addition, the photonic
time delay is usually sensitive to the environmental change,
but the measurement in [20] did not take into account the
time delay variation.

In this paper, we perform a comprehensive theoretical and
experimental study on the method proposed in [20], with
an emphasis on the influence of the I/Q mismatch problem
and the time delay variation problem. Solution to the I/Q
mismatch problem is proposed by using a variable optical
delay line (VODL) and digital compensation, and the time
delay variation due to the optical fiber delay line is reduced
through a thermostat. This paper is organized as follows.
In Section II, a brief introduction of the conventional
frequency-discriminator-based phase noise measurement
method and its problems originated from the phase detector
and the feedback loop is presented. In Section III, the basic
principle of the proposed phase noise measurement system
is described and the effect of variation of time delay
provided by the long fiber is discussed. In Section IV, the
I/Q mismatch problem is investigated and a method to

Fig. 1. Schematic of the delay-line-based frequency discriminator system
for phase noise measurement. SUT: signal under test. LPF: low pass filter.

solve the I/Q mismatch problem is presented. In Section V,
experimental investigation of the proposed system is presented.
The measurement accuracy and operation bandwidth are
tested by comparing the results with those obtained by
a commercial signal analyzer or those provided by the
datasheet. The measurement sensitivity is also investigated
and compared to the system using an electrical delay line.
In Section VI, we conclude this paper.

II. TYPICAL FREQUENCY DISCRIMINATOR SYSTEM

Fig. 1 shows the basic structure of a delay-line-based
frequency discriminator system for phase noise measurement.
Mathematically, the SUT can be expressed as

v(t) = [V0 + ε(t)] cos[2π f0t + ϕ(t)] (1)

where V0 and f0 are the amplitude and frequency of the signal,
and ε(t) and ϕ(t) are the amplitude and phase fluctuations,
respectively. Through an electrical power divider, the SUT is
divided into two equal signals, v1(t) and v2(t), respectively,
i.e.,

v1(t) = v2(t) =
√

2

2
[V0 + ε(t)] cos[2π f0t + ϕ(t)]. (2)

In the upper branch, a time delay of τ is introduced by a
delay line. The delayed signal is expressed as

v3(t)=
√

2

2
[V0 + ε(t − τ )] cos[2π f0(t − τ ) + ϕ(t − τ )] (3)

where τ is the time delay.
In the lower branch, a phase shifter controlled by a feedback

loop introduces a phase of ϕ0 into v2(t). The introduced phase
ϕ0 satisfies the condition of “2π f0τ + ϕ0 = 2nπ + π/2.” The
phase shifted version of v2(t) is

v4(t) =
√

2

2
[V0 + ε(t)] cos[2π f0t + ϕ(t) + ϕ0]

= −
√

2

2
[V0 + ε(t)] sin[2π f0(t − τ ) + ϕ(t)]. (4)

Then, v3(t) and v4(t) are sent to a phase detector that
consists of a mixer and a LPF. The voltage at the output of
the phase detector is

v5(t) = kϕ sin[ϕ(t) − ϕ(t − τ )] ≈ kϕ[ϕ(t) − ϕ(t − τ)] (5)
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where kϕ is a constant equal to the slope of the voltage-phase
characteristic curve at the zero crossing, and its value is closely
related to the power of the SUT [3].

The power spectral density (PSD) of v5(t) is then given by

Sv ( fm) ≈ k2
ϕ[ϕ(t) − ϕ(t − τ )]PSD

= k2
ϕE[|FT[ϕ(t) − ϕ(t − τ)]|2]

= k2
ϕ |1 − e− j2π fmτ |2 E[|FT[ϕ(t)]|2]

= k2
ϕ |1 − e− j2π fmτ |2 Sϕ( fm) (6)

where FT[ϕ(t)] = limT →∞
∫ T
−T ϕ(t)e− j2π fmt dt is the Fourier

transform of ϕ(t), E[ϕ(t)] is the expectation value of ϕ(t).
Therefore, if the PSD of v5(t) is measured by a spectrum
analyzer, single-sided phase noise spectral density Sϕ( fm) is
obtained, written as

Sϕ( fm) = Sv( fm)

k2
ϕ|1 − e− j2π fmτ |2 = Sv( fm)

4k2
ϕ sin2(π fmτ )

. (7)

Accordingly, the phase noise L( fm ) is

L( fm) = Sϕ( fm)

2
= Sv( fm)

8k2
ϕ sin2(π fmτ )

. (8)

According to (8), the phase noise of the SUT can be figured
out through dividing the measured Sv ( fm) by a coefficient
of 8 k2

ϕsin2(π fmτ ). Previously, this coefficient was acquired
by a calibration process using a signal source with known
phase noise or a determined phase-modulated or frequency-
modulated signal source [8]. Theoretically, the amplitude and
frequency of the signal source used for calibration should
be the same as those of the SUT. As a result, calibration is
required for each measurement, which would greatly compli-
cate the phase noise measurement.

Another issue associated with the system in Fig. 1 is the
use of feedback loop, which plays an important role to track
and correct environment-variation-induced phase drift within
the loop bandwidth. However, the phase noise to be measured
is essentially a kind of phase drift. Therefore, the use of
feedback loop would inevitably suppress the phase noise of
the SUT within the bandwidth of the feedback loop, and hence
degrade the measurement accuracy. To solve this problem,
inverse correction should be applied, which also complicates
the measurement.

As described above, the calibration required for each mea-
surement and the feedback loop not only complicate the
measurement, but also degrade the measurement accuracy.
Therefore, it is highly desired to develop a high-sensitivity
phase noise measurement system without any feedback loop
and complex calibration in each measurement. In this paper,
a method applying photonic time delay and digital phase
demodulation is proposed, as demonstrated in the following
sections.

III. PRINCIPLE OF THE PROPOSED METHOD

Fig. 2 shows the schematic of the proposed phase noise
measurement system using photonic time delay and digital
phase demodulation. Compared with the system in Fig. 1,
the proposed system requires a 90° hybrid and two phase

Fig. 2. Schematic of the proposed phase noise measurement system
using photonic time delay and digital phase demodulation. LD: laser diode.
PC: polarization controller. MZM: Mach–Zehnder modulator. VODL: variable
optical delay line. PD: photodetector. LNA: low noise amplifier. ADC: analog-
to-digital converter. PSD: power spectral density.

detectors. Besides, a synchronized two-channel analog-to-
digital converter (ADC) and a digital signal processing (DSP)
unit are needed for data acquisition and processing, respec-
tively. In Fig. 2, the delay line is realized by a length of optical
fiber. To do this, the SUT is modulated onto the intensity of
an optical carrier from a laser diode (LD) at a Mach–Zehnder
modulator (MZM). This optical intensity modulated signal is
delayed by a span of fiber and then converted back to the
electrical domain at a photodetector (PD). Last, a VODL is
added after the fiber to deal with I/Q mismatch problem.

The electrical field of the optical carrier from the LD can
be written as

E(t) = E0 cos(2π fct) (9)

where E0 is the amplitude and fc is the frequency. The SUT
is also denoted by (1), which is divided by an electrical power
divider (Power Divider 1) into two equal signals denoted
by (2). In the upper branch, the light source E(t) is intensity-
modulated by v1(t) at the MZM, which is biased at quadrature.
The output signal from the MZM is given by

E1(t) ≈ √
L1 E0 cos(2π fct)

·
{√

2

2
J0(α) − √

2J1(α) cos[2π f0t + ϕ(t)]
}

(10)

where L1 is the optical insertion loss of the polarization
controller and the MZM. α is the modulation index of the
MZM, given by α = π(2M)1/2[V0 + ε(t)]/4Vπ , where M
and Vπ are the RF insertion loss and half-wave voltage of the
MZM, respectively.

In small signal condition, i.e., π(2M)1/2[V0 + ε(t)] <<
4Vπ or α << 1, the Bessel functions J0(α) ≈ 1 and J1(α) ≈
α/2. Equation (10) can be rewritten as

E1(t) ≈
√

2

2

√
L1 E0 cos(2π fct) · {1 − α cos[2π f0t + ϕ(t)]}.

(11)
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By introducing a time delay of τ after the fiber, (11)
becomes

E2(t) ≈
√

2

2

√
L1

√
L2 E0 cos[2π fc(t − τ )]

·{1 − α cos[2π f0(t − τ ) + ϕ(t − τ )]} (12)

where L2 is the insertion loss of the fiber. Then, the signal is
detected by a PD with a responsivity of R. The voltage from
the PD is written as

v6(t) = Z L R[E2(t) · E∗
2 (t)] (13)

where Z L is the input impendence. Substituting (12) into (13)
and ignoring the dc and 2 f0 terms, the recovered electrical
signal is given by

v6(t) = −ZL RL1 L2 E2
0α

2
· cos[2π f0(t − τ ) + ϕ(t − τ )]. (14)

After the PD, a low noise amplifier (LNA1) and another
power divider (Power Divider 2) are applied to amplify the
signal and divide it into two branches, i.e.,

v7(t) = −√
2ZL RL1 L2 E2

0αG1(Pv6, f0)

4
· cos[2π f0(t − τ ) + ϕ(t − τ )]

v8(t) = γ1( f0)
−√

2ZL RL1 L2 E2
0αG1(Pv6, f0)

4
· cos[2π f0(t − τ ) + ϕ(t − τ ) + ϕ1( f0)] (15)

where G1(Pv6, f0) is the gain of LNA1, which is related to the
power of v6(t), i.e., Pv6, and the carrier frequency f0. γ1( f0)
and ϕ1( f0) are the frequency-related amplitude mismatch and
phase mismatch between v7(t) and v8(t) due to the imbalance
of Power Divider 2, respectively.

In the lower branch, signal v2(t) is amplified by LNA2 and
split into two signals by a 90° hybrid. The output signals are

v9(t) = G2(Pv2, f0)

2
[V0 + ε(t)] · cos[2π f0t + ϕ(t)]

v10(t) = γ2( f0)
G2(Pv2, f0)

2
[V0 + ε(t)]

· sin[2π f0t + ϕ(t) + ϕ2( f0)] (16)

where G2(Pv2, f0) is the gain of LNA2, which is related to the
power of v2(t), i.e., Pv2, and the carrier frequency f0. γ2( f0)
and ϕ2( f0) are the frequency-related amplitude mismatch and
phase mismatch between v9(t) and v10(t) due to the mismatch
of the 90° hybrid, respectively.

Then, v7(t) and v9(t) are mixed by a mixer (Mixer1) and
filtered by an LPF ( LPF1). The output signal from LPF1 is

I (t) = K1(Pv7, Pv9, f0) · cos[2π f0τ + ϕ(t) − ϕ(t − τ )]
(17)

where K1(Pv7, Pv9, f0) is the response curve of Mixer 1,
which is dependent on the power of v7(t) and v9(t), i.e., Pv7
and Pv9, and the carrier frequency f0.

Similarly, the output signal from LPF2 is given by

Q(t) = γ3( f0)K2(Pv8, Pv10, f0)

· sin

[
2π f0τ + ϕ(t) − ϕ(t − τ )+
ϕ2( f0) − ϕ1( f0) + ϕ3( f0)

]

(18)

where K2(Pv8, Pv10, f0) is the response curve of Mixer 2,
which is dependent on the power of v8(t) and v10(t), i.e., Pv7
and Pv9, and the carrier frequency f0. γ3( f0) and ϕ3( f0) are
the frequency-related amplitude mismatch and phase mismatch
between I (t) and Q(t) due to different length of the cables
connecting the Power Divider 2 to the mixers, the cables
connecting the 90° hybrid to the mixers, the cables connecting
the two mixers to the LPFs and the cables connecting the
two LPFs to the ADC, and different response curves of the
two LPFs.

Then, the obtained analog signals I (t) and Q(t) are digi-
tized by the ADC and processed in the DSP unit. In the DSP
unit, a phase term is calculated as

θ(t) = 2π f0τ + ϕ(t) − ϕ(t − τ )

= tan−1

( Q(t)
kA I (t) − sin dϕ

cos dϕ

)

(19)

where kA = γ3( f0) K2(Pv8, Pv10, f0, )/K1(Pv7, Pv9, f0)
denotes the amplitude mismatch between I (t) and Q(t), dϕ =
ϕ1( f0)−ϕ2( f0)+ϕ3( f0) is the phase mismatch between I (t)
and Q(t).

Next, the PSD of θ(t) is calculated as

Sθ ( fm) = [ϕ(t) − ϕ(t − τ )]PSD, for fm > 0 (20)

where [ϕ(t) − ϕ(t − τ )]PSD = E[|FT[ϕ(t) − ϕ(t − τ )]|2]
represents the PSD of ϕ(t) − ϕ(t − τ ).

Based on (20), the phase noise L( fm) is achieved

L( fm) = H ( fm)Sθ ( fm) (21)

where H ( fm) = 1/[8sin2(π fmτ )], and τ is related to the fiber
length given by

τ = √
εr

Ld

c
(22)

where εr is the relative dielectric constant of the fiber, Ld is
the length of the fiber, and c denotes the speed of light in
vacuum.

It is worth noting that (20) is established under the hypoth-
esis that the value of τ is constant in the measurement.
However, the optical fiber length varies with temperature in
practice, which causes the variation of τ [21]. Considering
the variation of τ , based on (19), the PSD of θ(t) becomes

Sθ ( fm) = 2π f0[τ (t)]PSD + [ϕ(t) − ϕ(t − τ )]PSD. (23)

Different from (20), Sθ ( fm) not only contains the PSD of the
phase noise deviation, but also the PSD of the time varying τ ,
which results in phase noise measurement error in a certain
offset frequency range (typically <1 kHz) where τ varies.
To eliminate the influence of variation in temperature on the
time delay τ , the fiber can be put in a thermostat.

IV. I/Q MISMATCH PROBLEM AND ITS SOLUTION

If the amplitude mismatch and phase mismatch between
I (t) and Q(t) are not taken into account, the calculated phase
term becomes

θm(t) = tan−1
(

Q(t)

I (t)

)

. (24)
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Fig. 3. Calculation of the phase error θe(t) without taking the amplitude
mismatch and phase mismatch into consideration.

Fig. 3 shows the phase error θe(t) when the amplitude mis-
match and phase mismatch are reckoned without. In the case
of small amplitude mismatch and phase mismatch, the phase
error can be approximately calculated by

θe(t) ≈ dϕ − cos(θ(t)) − kA cos(θ(t) + dϕ)

kA
≈ θedc + kθ [ϕ(t) − ϕ(t − τ )] (25)

where

θedc = dϕ + cos(2π f0τ + dϕ) − 1

kA
cos(2π f0τ )

kθ =
[

1

kA
sin(2π f0τ) − sin(2π f0τ + dϕ)

]

.

According to (25), the phase term θedc is not time varying,
it has no effect on phase noise measurement for fm > 0. The
phase noise measurement error when the amplitude mismatch
and phase mismatch are reckoned without is

Le( fm) = k2
θ H ( fm)[ϕ(t) − ϕ(t − τ )]PSD

= k2
θ L( fm), for fm > 0. (26)

So, the phase noise measurement error when amplitude
mismatch and phase mismatch are not taken into consideration
is not only related to the amplitude mismatch and phase
mismatch between I (t) and Q(t), but also related to the
carrier frequency f0, the time delay τ , and the phase noise of
SUT L( fm).

To improve the phase noise measurement accuracy,
the phase term θ(t) ought to be calculated according to (19) by
taking the amplitude mismatch and phase mismatch between
I (t) and Q(t) into account. The values of kA and dϕ are
different for SUT with different carrier frequencies or powers.
So, the mismatches need to be measured for each measure-
ment. The values of kA and dϕ can be measured without
rebuilding the phase noise measurement setup by using the
VODL after the fiber in Fig. 2. By changing the length of

Fig. 4. Schematic of measuring amplitude mismatch and phase mismatch
according to the dc values of I (t, 	τ) and Q(t, 	τ).

VODL with a constant speed, an additional small time delay
	τ that changes with time linearly will be introduced. As a
result, I (t) and Q(t) can be rewritten as

I (t,	τ ) = K1(Pv7, Pv9, f0, T1)

· cos[2π f0(τ + 	τ) + ϕ(t) − ϕ(t − τ )]
Q(t,	τ) = γ3( f0)K2(Pv8, Pv10, f0, T2)

· sin

[
2π f0(τ + 	τ) + ϕ(t) − ϕ(t − τ )
+ϕ2( f0) − ϕ1( f0) + ϕ3( f0)

]

. (27)

Fig. 4 shows the dc values of I (t,	τ) and Q(t,	τ)
when 	τ changes with time linearly, where AI = K1(Pv7,
Pv9, f0) and AQ = γ3( f0)K2(Pv8, Pv10, f0) are the ampli-
tudes of I (t,	τ) and Q(t,	τ), respectively, Tτ is the period
of I (t,	τ) or Q(t,	τ), dτ is the difference of 	τ when
I (t,	τ) reaches its maximum and when Q(t,	τ) equals to
zero. The values of AI , AQ , Tτ , and dτ are all able to be
obtained according to the digitized tracks of I (t,	τ) and
Q(t,	τ) in the DSP unit. Then, the values of kA and dϕ

can be calculated by

kA = AI

AQ

dϕ = dτ

Tτ
2π. (28)

In the proposed system, the calibration process is actually
performed by measuring the I/Q mismatch via adjusting the
VODL and then compensating the mismatch by (19). The
calibration and the measurement can be performed simultane-
ously. On the one hand, compared to the time delay provided
by the long fiber, the time delay introduced by the VODL is
negligible. As a result, the value of τ can still be regarded as a
constant, indicating that the calibration and the measurement
can be realized by the same setup. On the other hand, the
change of the phase will be very slow when the VODL is
adjusted with a very slow speed, so the frequency of the
phase jitter introduced by it can be very small. As a result,
the VODL only affects the phase noise measurement result
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Fig. 5. Photograph of the proposed phase noise measurement system.

at a very low offset frequency (typically less than 10 Hz),
which is much lower than the cutoff frequency (typically
∼1 kHz) of the feedback loop used in the conventional
frequency discriminators.

V. EXPERIMENTS AND ANALYSES

A. Experimental Setup

To evaluate the performance of the proposed system,
an experiment is carried out based on the setup in Fig. 2.
The LD (TeraXion Inc.) operates at a wavelength of 1550 nm.
A 50-GHz MZM (FUJITSU FTM7938EZ) is applied to
perform optical intensity modulation. A 2-km single-mode
fiber (SMF) is used to provide the time delay. After the SMF,
a VODL (General Photonics Inc., VDL-001-15-600-SM-FC/
APC) is applied to measure amplitude mismatch and phase
mismatch, which can provide a delay range from 0 to 600 ps.
A PD (FINISAR U2T) with a bandwidth of 59 GHz and a
responsivity of 0.6 A/W is used to perform optical-to-electrical
conversion. The operation bandwidth of the power dividers
(Power Divider 1 and Power Divider 2, KRYTAR 6100400)
are both from 1 to 40 GHz. The two LNAs (LNA1 and
LNA2, B&Z Technologies) can operate over a frequency range
from 0.1 to 40 GHz with a gain of 30 dB. The operation
frequency of the 90° hybrid (KRYTAR 3017360K) is from
1.7 to 36 GHz. Its amplitude and phase response is measured
by a VNA, which shows that the amplitude imbalance was
less than 1.7 dB and the phase mismatch was less than 12°
over the full frequency range. The two mixers (Mixer1 and
Mixer2, Marki M4-0140) and two LPFs (LPF1 and LPF2) are
selected with the same parameters, respectively. The RF/LO
frequency range of the mixers are both from 1 to 40 GHz. The
passband of the LPFs is from 0 to 1 MHz. A four-channel
24-bit ADC (National Instruments PXI-4462) is used to
sample and record the data. The sampling rate was set to
204.8 kHz, which means the phase noise measurement offset
frequency is below 102.4 kHz. According to the noise analysis
in [17], the 24-bit high accuracy ADC helps to maintain a
low phase noise floor in a large range of input power level.
A photograph of the implemented setup is shown in Fig. 5.

B. Phase Noise Measurement Sensitivity

The phase noise measurement sensitivity is characterized
by the phase noise floor. The method for measuring the phase
noise floor is as follows. The optical fiber is replaced by an

Fig. 6. Phase noise floor of the proposed system using a 2-km SMF
(red solid curve) and that of the system in [18] (black marker).

Fig. 7. Phase noise floor of the proposed system and its improved method.

optical attenuator having the same attenuation as the fiber
induced power loss. The inherent phase noise of the system is
calculated according to (21), which is regarded as the phase
noise floor [18].

The phase noise floor of the proposed system is measured
and shown in Fig. 6. As can be seen, the phase noise floor
at 10-GHz RF frequency is −105 dBc/Hz at 1 kHz and
−134 dBc/Hz at 10 kHz, respectively. This phase noise
measurement sensitivity is greatly improved compared with
the system using an electrical delay line [18], where the
phase noise floor at 4.9 GHz is −85 dBc/Hz at 1 kHz and
−113 dBc/Hz at 10 kHz, respectively, as indicated in Fig. 6.

To further improve the phase noise measurement sensitivity,
one method is to increase the time delay τ by applying a longer
fiber [8]. When a 6-km SMF is applied in the system, the mea-
sured phase noise floor is shown in Fig. 7. Compared with the
system using a 2-km SMF, the measurement sensitivity when
using a 6-km SMF is improved to be −111 dBc/Hz at 1 kHz
and −141 dBc/Hz at 10 kHz, respectively.

C. Verification of Measurement Accuracy

To check the measurement accuracy of the proposed system,
the phase noise of a 10-GHz signal generated by Anritsu
MP1763C is tested.
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Fig. 8. Measurement of amplitude mismatch kA and phase mismatch dϕ
between I/Q channels before measuring the phase noise of a 10-GHz clock
signal.

Fig. 9. Phase noise of the 10-GHz clock signal measured by the proposed
system (red solid curve) and that measured by a commercial signal analyzer
R&S FSV40 (black dashed curve), and phase noise floor of the proposed
system (magenta dotted curve) and R&S FSV40 (green solid curve).

The amplitude mismatch kA and phase mismatch dϕ

between I/Q channels are measured by changing the length
of VODL with a constant speed. The digitalized tracks of
I (t,	τ) and Q(t,	τ) are shown in Fig. 8. According to (28),
the values of amplitude mismatch kA and phase mismatch dϕ

can be calculated as: kA = 1.11, dϕ = −7.45°.
The phase noise measurement results are shown in Fig. 9.

The result measured by a commercial signal analyzer (R & S
FSV40) is also plotted in Fig. 9 as a comparison. In addition,
the phase noise floor of the proposed system and R & S
FSV40 [22] are also included in Fig. 9. It can be seen that there
is a good agreement between the two measurement results,
especially for offset frequencies from 1 to 100 kHz.

For offset frequencies between 0.1 and 1 kHz, there is slight
deviation between the two curves. This is mainly resulted from
the factor H ( fm) = 1/[8sin2(π fmτ )], which has an infinite
value at offset frequencies of fmN given by

fmN τ = N, N = 0, 1, 2, . . . . (29)

Fig. 10. Calculated H ( fm) in unit of dB.

Fig. 11. Phase noise of E8257D according to its datasheet (black marker),
measured by the proposed system (red solid curve), and measured by a
commercial signal analyzer R&S FSV40 (blue dashed curve), and phase noise
floor of the proposed system (magenta dotted curve) and R&S FSV40 (green
solid curve).

To clearly explain this effect, Fig. 10 shows the calculated
response of H ( fm) of the proposed system. At zero offset fre-
quency, there is an infinite response that causes the deviation
at low offset frequencies in Fig. 9. This is a common problem
suffered by all frequency-discriminator-based systems.

To further verify the measurement accuracy as well as the
good sensitivity of the proposed system, the phase noise of
a 10-GHz signal generated from a commercial microwave
analog signal generator (Keysight E8257D) is measured,
as shown in Fig. 11, where the phase noise measured by a
commercial signal analyzer (R&S FSV40) is also included.
Besides, the phase noise at specific offset frequencies obtained
from the datasheet of the signal generator [23] is indicated
in Fig. 11. The phase noise curves in [23] are measured by
Keysight E5500 Series, which use phase-detector method for
phase noise measurement [24]. The phase noise floor of the
proposed system and R&S FSV40 are also shown in Fig. 11.
In this situation, precise phase noise measurement is achieved
by the proposed system. In contrast, inaccurate measurement
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TABLE I

PERFORMANCE COMPARISON BETWEEN THE PROPOSED PHASE NOISE MEASUREMENT SYSTEM AND THE PREVIOUSLY REPORTED SYSTEMS

Fig. 12. Phase noises at offset frequency of 10 kHz of a wideband signal
source (Keysight E8257D) measured by the proposed system (red marker)
and provided by the datasheet (black marker).

by the commercial signal analyzer arises because the signal
source has phase noise lower than the measurement sensitivity
of the signal analyzer.

D. Operation Bandwidth

In addition to the higher sensitivity, another advantage of the
proposed system is the large operation bandwidth. To verify
this property, the phase noise of single-frequency signals of
some specific frequencies generated by Keysight E8257D is
tested.

Fig. 12 shows the measured phase noise at 10-kHz offset
frequency when the frequency of SUT changes from 2 to
35 GHz. As a comparison, the values of phase noise provided
by the datasheet of E8257D [23] are also plotted in Fig. 12.
It can be seen clearly that the differences between the mea-
sured results and the values provided by [23] are less than
3 dB. This not only confirms the accuracy of the proposed
system again, but also proves that the proposed system can
operate at a frequency range from 2 to 35 GHz, which is
ultimately determined by the 90° hybrid.

However, even though photonic time delay has been used
in the proposed system to replace the electrical delay line,
the operation bandwidth is still limited by other electrical
components, including the power dividers, the 90° hybrid,

the LNAs and the mixers. Zhang et al. [19] use a photonic-
assisted I/Q mixer to avoid the bandwidth limitation from the
electrical mixers. However, the lower limit of the measurement
frequency range is determined by the edge slope of the
tunable optical bandpass filter used in [19]. As a result, the
system in [19] is unavailable to measure sources with carrier
frequency less than 5 GHz. In addition, the phenomenon of
fiber dispersion-induced RF fading is also a factor limiting the
operation bandwidth [25], [26]. According to [26], the fiber
dispersion-induced RF fading can be overcome by using a
dual-electrode MZM to generate an optical carrier with single
sideband modulation.

E. Performance Comparison

Table I lists the performance comparison between the pro-
posed phase noise measurement system and the previously
reported systems. Compared with the previously reported
systems, the proposed system has several advantages. First,
systems in [9]–[12] and [14] suffer from high complexity
due to the use of feedback loops and phase detectors, while
the proposed system is significantly simplified thanks to the
use of digital phase demodulation. Second, compared with
the systems in [17]–[20], which also apply digital phase
demodulation, the proposed system solves the I/Q mismatch
problem. Third, the systems in [9]–[12], [14], and [18] need
calibration before each measurement for different SUTs, while
the calibration process in the proposed system used to solve
the I/Q mismatch problem can be performed simultaneously
with the phase noise measurement process, which helps to
reduce the complexity of measurement. Finally, different from
the systems in [17] and [18], where electrical cables are used
as the delay line, the proposed system uses broadband and
low-loss optical fiber to provide a large amount of time delay,
which helps to achieve a high measurement sensitivity and a
broad bandwidth.

VI. CONCLUSION

We have comprehensively investigated and experimentally
demonstrated a phase noise measurement method using pho-
tonic time delay and digital phase demodulation. The system
adopts a low-loss optical fiber to provide a large amount of
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time delay and a 90° hybrid to realize digital phase demodu-
lation. Compared to the conventional frequency-discriminator-
based phase noise measurement system, the system is free
from complex calibration, phase shifter, and feedback loop for
phase control, which simplifies both the system configuration
and operation complexity. More important, the I/Q mismatch
problem in digital phase demodulation technology is inves-
tigated and solved. Thanks to the use of optical fiber delay
line, a good phase noise measurement sensitivity and a large
operation bandwidth are achieved. The phase noise floor is as
low as −105 dBc/Hz at 1 kHz and −134 dBc/Hz at 10 kHz
at a RF frequency of 10 GHz, which can be further improved
by applying a longer fiber. A large operation bandwidth in the
range from 2 to 35 GHz is also realized.

The performance of the proposed system in terms of offset
frequency range, sensitivity, and operation bandwidth can be
further improved. In the proposed system, the offset frequency
range is mainly determined by the sampling rate of the
ADC, so it can be broadened by adopting an ADC with
higher sampling rate. The sensitivity of the proposed system
can be further increased by a longer fiber. However, when
the fiber length is increased, the reliable offset frequency
range for phase noise measurement will be reduced because
the frequency spacing between the adjacent infinite points
of H ( fm) is also reduced. This problem can be solved by
applying a longer fiber for a close to carrier measurement
and a shorter fiber for a far from carrier measurement [9].
Another approach to improve the phase noise measurement
sensitivity is to apply two-channel cross correlation [13]. The
operation bandwidth of the proposed system is eventually
determined by the electrical 90° hybrid. An effective way
to break this limitation is to employ photonic-assisted I/Q
mixers, which are able to realize I/Q mixing without electrical
90° hybrid [27], [28].
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