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All-Optical Pulsed Signal Doppler Frequency
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Abstract—A simple and all-optical Doppler frequency shift
(DFS) measurement system is presented. It is based on a dual-drive
Mach Zehnder modulator (DDMZM) driven by a transmitted
signal and an echo signal received by an antenna. A low-frequency
sawtooth wave is applied to the DDMZM DC port to frequency
shift the carrier and sidebands generated by the transmitted signal.
Beating of a frequency-shifted transmitted signal sideband and an
echo signal sideband at the photodetector produces a low-frequency
electrical signal. The DFS, and consequently the speed and moving
direction of a target, can be obtained from the frequency of this
low-frequency electrical signal. The DDMZM used in the proposed
DFS measurement system does not need to be operated at a specific
point in the transfer function and hence it has no bias drift problem.
The proposed DFS measurement technique can be used in both CW
and pulsed radar systems. Experimental results demonstrate the
proposed DFS measurement system has a wide operating frequency
range of 10 GHz to 19.95 GHz, small DFS measurement error of
less than ±0.6 Hz and long-term stable performance. Results also
demonstrate, for the first time, DFS measurement of a pulsed signal
using a microwave photonic technique.

Index Terms—Serrodyne modulation, frequency translation,
doppler frequency, doppler velocity, microwave measurement.

I. INTRODUCTION

THERE is a growing interest in using microwave pho-
tonic techniques for radar signal measurement. This arises

from wide bandwidth, high measurement speed, low frequency-
dependent loss and electromagnetic interference immunity of-
fered by microwave photonics [1], [2]. Among various radar
signal parameters, Doppler frequency shift (DFS) is needed in
moving target indicator (MTI) and Doppler radar systems, which
have numerous military and civilian applications. DFS is the dif-
ference between the radar echo and transmitted signal frequency.
It is used to obtain the speed and the moving direction of a target.
A number of microwave photonic techniques for measuring
DFS have been reported. However, they have complex structures
that involve multiple laser sources, multiple optical modulators
and/or multiple photodetectors (PDs) [3]–[12]. Furthermore,
they require electrical components that limit the system operat-
ing frequency [3], or an additional microwave reference source
that increases the system cost [13]. Many reported techniques
rely on measuring the phase difference of two output signals via
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an oscilloscope to obtain the sign of a DFS in order to determine
a target moving direction [3], [6]–[9], [11], [14]. The problem
of these techniques is that they can only be used in continuous
wave (CW) radar systems. However, many radar systems use
pulse modulation.

In this paper, we present a simple single-laser, single-
modulator and single-PD based DFS measurement system. It
does not involve electrical components and does not require a
high-frequency reference signal. It is based on injecting a portion
of a transmitted signal and an echo signal received by an antenna
to the two RF ports of a dual-drive Mach Zehnder modulator
(DDMZM). A low-frequency sawtooth wave is applied to the
DDMZM DC bias port to frequency translate the carrier and
sidebands generated by the transmitted signal. The frequency
of an output electrical signal, generated by beating of the
frequency-shifted transmitted signal and echo signal sidebands
at the PD, provides information on both the value and sign of
DFS. An oscilloscope is not required in the proposed system for
DFS measurement. Non-ideal effects due to residual carriers and
high order sidebands that can affect the proposed DFS measure-
ment system performance are investigated. Experiments are con-
ducted to verify the DFS measurement capability of the proposed
system. Long-term stable performance, and DFS measurement
of a pulsed signal and multiple echo signals, are demonstrated.

II. TOPOLOGY AND OPERATION PRINCIPLE

The schematic diagram of the proposed DFS measurement
system is shown in Fig. 1(a). The system has a simple structure,
which consists of a laser, a DDMZM, an optical bandpass filter
(OBPF) and a PD. The laser generates CW light, which launches
into a DDMZM. The DDMZM consists of a phase modulator on
each arm of a Mach Zehnder interferometer (MZI) [15]. It has
two RF ports and a DC port. A voltage into the DC port controls
the phase difference between the light in the two arms of the
MZI. Hence, a DDMZM can be modelled as an MZI containing
two phase modulators and a phase shifter, as shown in Fig. 1(b).
A portion of a transmitted signal with a frequency fT is injected
to RF Port 1 of the DDMZM. Unlike conventional operation
where a DC voltage is applied to the DDMZM DC port, here the
DDMZM DC port is driven by a low-frequency sawtooth wave
with an amplitude of twice the DDMZM DC port switching
voltage. According to the DDMZM model shown in Fig. 1(b),
the CW light in the top arm of the DDMZM undergoes phase
modulation by the transmitted signal and Serrodyne frequency
translation [16], [17]. The amount of frequency translation in
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Fig. 1. (a) Structure of the DDMZM based DFS measurement system.
(b) Model of a DDMZM. ESA: electrical signal analyser; PM: phase modulator;
PS: phase shifter.

the carrier and sidebands of the phase modulated optical signal
is the same as the sawtooth wave frequency fS. An echo signal
with a frequency fE received by an antenna is injected to RF Port
2 of the DDMZM. Therefore, the light travelled in the bottom
arm of the DDMZM undergoes phase modulation by the echo
signal, according to Fig. 1(b). Hence the output electric field of
the DDMZM can be written as

EDDMZM (t) =
1

2
Ein

√
tffe

j2πfct

×
⎡
⎣J0(mT )e

−j2πfSt + J1(mT )e
j2π(fT−fS)t

−J1(mT )e
−j2π(fT+fS)t + J0(mE)

+J1(mE)e
j2πfEt − J1(mE)e

−j2πfEt

⎤
⎦ (1)

where Ein and fc are the electric field amplitude and the fre-
quency of the CW light into the DDMZM respectively, tff is the
insertion loss of the DDMZM, Jn(x) is the Bessel function of nth
order of the first kind, mT = πVT/Vπ,RF and mE = πVE/Vπ,RF

are the modulation index of the transmitted and echo signal
respectively, VT(E) is the voltage of the transmitted (echo) signal
into the DDMZM and Vπ ,RF is the DDMZM RF port switching
voltage. (1) shows the output of the DDMZM consists of two
sets of optical carrier and sidebands where one set is frequency
shifted. An OBPF is connected to the DDMZM output to filter
out the optical carrier and the lower sidebands. Hence the output
electric field of the OBPF is given by

Eout(t) =
1
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√
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The two upper sidebands, generated by the transmitted and echo
signals into the DDMZM, are detected by a PD. This produces
a photocurrent, which can be expressed as

Iout

= Pintff�
[

1
2J1(mT )J1(mE) cos (2π(fE − fT + fS)t)
+ 1

4

(
J1

2(mT ) + J1
2(mE)

)
]

(3)

Fig. 2. (a) Optical spectrum after the OBPF and (b) electrical spectrum after
the PD for a positive DFS. (c) Optical spectrum after the OBPF and (d) electrical
spectrum after the PD for a negative DFS.

where Pin is the CW light power into the DDMZM and � is the
PD responsivity. (3) shows the output photocurrent consists of
a DC component and a frequency component at fE-fT+fS. The
frequency component at finfo = fE-fT+fS is referred to as the
info peak because finfo can be used to determine both the speed
and the moving direction of a target. The frequency difference
between the info peak and the sawtooth wave is the DFS, i.e.,
fDFS = finfo-fS. Once the value of the DFS is obtained from
finfo, the speed of a target can be found through the following
equation [18].

Speed =
|fDFS | c
2fT cos θ

(4)

where c is the speed of light in vacuum and θ is the radar elevation
angle. The target moving direction can be obtained from the
info peak frequency relative to the sawtooth wave frequency. By
choosing a sawtooth wave frequency fS of e.g., 1 MHz, which is
much larger than the DFS of ±100 kHz in most applications, if
the info peak frequency finfo is larger than fS then fDFS>0 and
hence the target is moving toward the radar. On the other hand,
if finfo is smaller than fS then fDFS<0 and hence the target is
moving away from the radar.

In practice, the magnitude response of an OBPF has a finite
edge roll off, which causes small amount of the optical carrier
with and without being frequency shifted, to pass through the
OBPF, and higher order sidebands are generated at the DDMZM
output. By including these two non-ideal effects in the analysis,
the system output electric field into the PD becomes

Eout(t) =
1

2
Ein

√
tffe

j2πfct

×
⎡
⎣
√
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(
J0(mT )e

−j2πfSt + J0(mE)
)

+J1(mE)e
j2πfEt + J1(mT )e

j2π(fT−fS)t

+J2(mE)e
j2π(2fE)t + J2(mT )e

j2π(2fT−fS)t

⎤
⎦ (5)

where α is the amount of suppression introduced by the OBPF
at around the optical carrier frequency. Since the lower side-
bands are far away from the upper sidebands, they are largely
suppressed by the OBPF and hence they are neglected in the
analysis. Fig. 2(a) and 2(c) show the output optical spectrum
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Fig. 3. (a) Simulated power ratio of the info peak at fE-fT+fS to the unwanted
peak at fS versus the amount of suppression α introduced by the OBPF at
around the optical carrier frequency for different echo signal modulation indexes
mE. (b) Simulated power ratio of the info peak at fE-fT+fS to the unwanted
peak at 2fE-2fT+fS for different echo signal modulation indexes mE when the
transmitted signal modulation index mT is fixed at 0.4.

obtained based on (5) for a positive and negative DFS respec-
tively. Beating of the optical frequency components shown in
Fig. 2(a) and 2(c) at the PD generates photocurrents at different
frequencies. Fig. 2(b) and 2(d) shows the electrical spectrum
after the PD at around the info peak frequency finfo = fE-fT+fS
for a positive and negative DFS respectively. This shows the
non-ideal effects generate two unwanted peaks at fS and 2fE-
2fT+fS around the info peak. The photocurrent at the info peak
frequency is the same as that given in the first term inside the
square brackets in (3). The photocurrents at the two unwanted
peak frequencies can be obtained from (5) and are given by

IfS =
1

2
αPintff�J0(mT )J0(mE) cos(2πfSt) (6)

I2fE−2fT+fS =
1

2
Pintff�J2(mT )J2(mE)

× cos (2π(2fE − 2fT + fS)t) (7)

The amplitudes of the two unwanted peaks need to be much
smaller than the info peak amplitude to avoid errors in DFS mea-
surement such as identifying a non-existing object. Although the
existence of the unwanted peak at fS does not indicate there is
a moving object, it could cause measurement error when using
a frequency counter to measure the info peak frequency. The
electrical power ratio of the info peak to the unwanted peaks at
fS and 2fE-2fT+fS are given by

Pfinf o
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=

(
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αJ0(mT )J0(mE)

)2

(8)
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J2(mT )J2(mE)

)2

(9)

III. SIMULATION RESULTS AND DISCUSSION

Fig. 3(a) shows the power ratio of the info peak at fE-fT+fS
to the unwanted peak at fS for different amount of suppression α
introduced by the OBPF at around the optical carrier frequency.
It was plotted using (8) with a transmitted signal modulation
index mT of 0.4. This shows, in order to ensure the unwanted
peak at fS is more than 30 dB below the info peak, the carrier
with and without frequency shift need to be suppressed by more

than 32 dB and the echo signal modulation index needs to be
larger than 0.2 when the transmitted signal modulation index is
0.4. Fig. 3(b) shows the unwanted peak at 2fE-2fT+fS is around
40 dB below the info peak when both the transmitted and echo
signal modulation indexes are 0.4. This also shows, the smaller
the echo signal modulation index is, the smaller the unwanted
peak power at 2fE−2fT+fS becomes.

Note that using a DDMZM for DFS measurement has been
reported [13], [14]. The DFS measurement system presented
in [13] requires a reference signal at around the transmitted
signal frequency. A microwave signal generator is needed for
generating a reference signal at a microwave frequency, which
increases the system cost. Furthermore, an electrical power
combiner is needed to combine the reference and transmitted
signals before injecting to the DDMZM. The use of an electrical
component limits the system bandwidth. The DFS measurement
system presented in [14] has the same structure but totally
different operation principle compared to the proposed DFS
measurement system. Although a sawtooth wave is shown at the
input of the DDMZM DC port in [14], it is not used for frequency
translation. Instead the sawtooth wave is used to indicate a
time-varying optical phase difference is introduced to the two
arms of the DDMZM. The experimental results presented in
[14] are obtained by switching two bias states of the DDMZM
via a DC power supply rather than applying a sawtooth wave
to the DDMZM. Switching the DDMZM bias state changes
the phase of the output waveform. By using an oscilloscope
to monitor the phase shift of the output waveform caused by
changing the DDMZM bias voltage, the sign of the DFS and
consequently the target moving direction can be determined. As
was discussed in Section I, this technique not only needs an
oscilloscope in addition to an electrical signal analyser (ESA)
for DFS measurement, it cannot be used for measuring DFS of
a pulsed signal or multiple echo signals.

The proposed DFS measurement system does not require
the DDMZM to be operated at a specific point in the transfer
function. Therefore, unlike all reported microwave photonic
based DFS measurement systems, it has the advantage of no bias
drift problem. Note that only the info peak frequency, which can
be measured on a frequency counter or a low-frequency ESA, is
needed to determine a target speed and moving direction. Using
a low-frequency ESA to measure the info peak frequency has
the advantage of suppressing the optical carriers at fc and fc-fS
is not necessary. This is because beating of the optical carrier
with and without frequency shift at the PD generates a frequency
component at the input sawtooth wave frequency fS, which does
not contain information of a moving object. Hence, it can be
neglected. Since optical carrier suppression is not required, the
OBPF only needs to suppress one of the sidebands. The lower
operating frequency of the DFS measurement system can be
extended to around 3 GHz when using a high edge roll off OBPF
for sideband suppression. A frequency counter can provide a low
cost and compact solution for measuring the info peak frequency.
However, this requires the optical carrier to be largely suppressed
so that the info peak is the dominant frequency component at the
system output. This limits the DFS measurement system lower
operating frequency due to the OBPF has a finite edge roll off.
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Fig. 4. (a) DDMZM based DFS measurement system output optical spectrum
when the transmitted signal is pulse modulated. System output electrical spec-
trum for a DFS of (b) +40 kHz and (c) -40 kHz. The sawtooth wave frequency
is 1 MHz and the transmitted signal pulse repetition frequency is 150 kHz.

The proposed DDMZM based DFS measurement system can
be used in pulsed radar systems. In this case, the transmitted
and echo signals are infinite train of pulses. Their spectrums
compose of discrete spectral lines with line spacing equal to the
pulse repetition frequency fR. Fig. 4(a) shows the output optical
spectrum of the proposed structure used in a pulsed radar system.
Note that only five spectral lines generated by the transmitted
and echo pulsed signals are shown in the figure. The residual
optical carriers and the second order sidebands are not shown
in the figure for simplicity. Beating of the spectral lines at the
PD generates an output electrical spectrum, which consists of the
info peak at finfo= fE-fT+fS and peaks at nfR and fE-fT+fS±nfR
where n is an integer. By choosing the pulse repetition frequency
fR to be twice the possible DFS fDFS to avoid Doppler ambiguity,
the info peak must be located within fS±fR/2 where the values
of both fS and fR are known and can be designed to suit different
applications. This shows, although the output spectrum consists
of a number of peaks, under an ideal situation, there is only one
peak within the frequency range of fS±fR/2 and this peak is
the info peak. Note that the proposed DFS measurement system
does not require time synchronisation because it only involves
frequency measurement. Furthermore, the transmitter and the
receiver are located on the same platform, which can share the
same frequency source.

Considering an example where a radar system is transmitting
an 8 GHz pulsed signal with a pulse repetition frequency of 150
kHz. A sawtooth wave with a frequency of 1 MHz is used in the
DDMZM based DFS measurement system. Fig. 4(b) and 4(c)
show the system output electrical spectrum for a DFS of +40
kHz and -40 kHz respectively. As shown in the figures, there is
a peak with the highest amplitude at around the sawtooth wave
frequency of 1 MHz. This is the info peak and is located at the
frequency of fE-fT+fS, i.e., 1.04 MHz in Fig. 4(b) and 960 kHz
in Fig. 4(c). As in the CW system, the value and the sign of
the DFS can be obtained from the difference between the info
peak frequency and the sawtooth wave frequency. The figures

Fig. 5. Measured optical spectrum (a) before and (b) after the tunable OBPF
when the DDMZM was driven by a 10 GHz transmitted signal and a 10 GHz
+ 50 kHz echo signal. Normalised magnitude response of the tunable OBPF
(dashed line).

also show, under an ideal situation, the info peak is the only
frequency component present in the frequency range of fS±fR/2
= 1 MHz ± 75 kHz.

IV. EXPERIMENTAL RESULTS

An experiment based on the structure shown in Fig. 1(a) was
set up to verify the DDMZM based DFS measurement system.
The laser source was a tunable laser (Keysight N7711A). It gen-
erated a narrow-linewidth CW light with 1550 nm wavelength
and 10 dBm optical power. The CW light was launched into
a DDMZM (Fujitsu FTM7937). A 10 GHz transmitted signal
and a 10 GHz + 50 kHz echo signal, which were generated by
two microwave signal generators (Analog Devices HMC-T2220
and Keysight N5173B), were applied to the two RF ports of the
DDMZM. The modulation indexes of the transmitted and echo
signals were set at 0.4 and 0.2 respectively. The DDMZM DC
port was driven by a 1 MHz sawtooth wave with a negative
slope generated by a waveform generator (Rigol DG4202). The
peak-to-peak voltage of the sawtooth wave was set at 5.7 V,
which is around twice the DDMZM DC port switching voltage,
to minimise the loss of the frequency translation process. The
fall time to period ratio of the sawtooth wave was measured to be
0.7%. Hence, according to [16], spurious signals produced by
the frequency translation process are more than 40 dB below
the frequency shifted signal. A tunable OBPF (Alnair Labs
BVF-300CL) was connected to the DDMZM output. The filter
centre wavelength and bandwidth were adjusted to pass only one
sideband. An erbium-doped fibre amplifier (EDFA) (Amonics
AEDFA-PA-35-B-FA) and a 0.5 nm 3-dB bandwidth optical
filter were employed to compensate for the system loss and to
suppress the amplified spontaneous emission noise. The output
optical signal, which had an average optical power of 6 dBm, was
detected by a PD (Discovery Semiconductor DSC30S). An ESA
(Keysight N9000A) was connected to the PD output to measure
the info peak frequency. The ESA, the two microwave signal
generators and the waveform generator were synchronised via a
common 10 MHz reference.

The optical spectrum before and after the tunable OBPF
were measured on an optical spectrum analyser (OSA) (Anritsu
MS9740A) and are shown in Fig. 5(a) and 5(b) respectively.
Fig. 5(a) also shows the measured tunable OBPF magnitude
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Fig. 6. Measured electrical spectrum at the output of the DDMZM based DFS
measurement system for a 10 GHz transmitted signal and an echo signal with a
frequency of (a) 10 GHz + 50 kHz and (b) 10 GHz - 50 kHz, and a 19.95 GHz
transmitted signal and an echo signal with a frequency of (c) 19.95 GHz + 20
kHz and (d) 19.95 GHz - 20 kHz.

response. Note that the horizontal axis on the OSA display is
in wavelength. As shown in the figure, the lower sidebands
in wavelength, which correspond to the upper sidebands in
frequency, pass through the tunable OBPF. Fig. 6(a) and 6(b)
show the DFS measurement system output electrical spectrums
when the echo signal frequency is 10 GHz+ 50 kHz and 10 GHz
- 50 kHz, respectively. It can be seen from the figure that there
are four peaks at around the sawtooth wave frequency. The peak
with an amplitude of around 30 dB higher than the other peaks
is the info peak. It is located at 1.05 MHz in Fig. 6(a) and 950
kHz in Fig. 6(b), which indicate the DFS is +50 kHz and -50
kHz, respectively, since the sawtooth wave frequency is 1 MHz.
According to (4), a DFS of +50 kHz and -50 kHz indicate
the target is moving with a speed of 750/cosθ m/s toward and
away from the radar respectively. The peak with the second
highest amplitude is located at the sawtooth wave frequency
of 1 MHz and is due to the residual optical carrier with and
without being frequency shifted pass through the tunable OBPF.
The next highest peak, which is located at 1.1 MHz in Fig. 6(a)
and 900 kHz in Fig. 6(b), is due to the transmitted and echo
signal second order sidebands, which can be seen in Fig. 5(b).
The present of these peaks was discussed in Section II. The
peak with the smallest amplitude at around the sawtooth wave
frequency is generated by the beating of the echo signal sideband
at fc+fE and the spurious signal at fc+fT+fS produced by the
non-ideal frequency translation process, at the PD. The peaks at
around DC and 2 MHz are outside the possible frequency range
of the info peak and hence can be neglected. The transmitted
and echo signal frequencies were changed to 19.95 GHz and
19.95 GHz ± 20 kHz to demonstrate the DFS measurement
system is capable to operate at higher frequencies. The system
output electrical spectrums are shown in Fig. 6(c) and 6(d). This

Fig. 7. Measured DFS (black square) and the corresponding DFS measure-
ment error (red diamond) versus the echo signal frequency offset. The transmit-
ted signal frequency is (a) 10 GHz and (b) 19.95 GHz.

Fig. 8. Measured DFS (black square) and the corresponding DFS measure-
ment error (red diamond) versus the transmitted signal frequency.

shows the dominant frequency component, which is the info
peak, is located at 1.02 MHz and 980 kHz when the echo signal
frequency is 19.95 GHz + 20 kHz and 19.95 GHz - 20 kHz
respectively. A DFS of ±20 kHz can be obtained from the info
peak frequency. As in Fig. 6(a) and 6(b), there are three unwanted
peaks around the info peak and they are more than 25 dB below
the info peak.

Fig. 7(a) shows the DFS obtained from the difference between
the info peak frequency measured on the ESA and the sawtooth
wave frequency, for different echo signal frequency offsets when
the transmitted signal at 10 GHz. The measurement error, which
is obtained by comparing the DFS with the frequency offset on
the two microwave signal generators, is also shown in the figure.
It can be seen from the figure that the DFS measurement error
is within ±0.1 Hz for the echo signal with a frequency between
10 GHz ± 100 kHz. The same measurement was performed
after changing the transmitted signal frequency from 10 GHz
to 19.95 GHz. As shown in Fig. 7(b), the DFS measurement
error is within ±0.22 Hz over the echo signal frequency offset
of ±100 kHz. The performance of the DDMZM based DFS
measurement system at different operating frequencies was in-
vestigated. This was done by measuring the info peak frequency
on the ESA for different transmitted signal frequencies, while
the echo signal frequency offset was fixed at +20 kHz. The
DFS and the corresponding DFS measurement error are shown
in Fig. 8. It can be seen from the figure that the measurement
error is within the range of -0.03 Hz to 0.06 Hz for the transmitted
signal frequency of 10 GHz to 19.95 GHz. The upper operating
frequency was limited by the frequency range of the microwave
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Fig. 9. Power ratio of the info peak at 1.01 MHz to the unwanted peak at 1
MHz (green dot) and 1.02 MHz (black square), and the DFS measurement error
(red diamond) versus time, for a 10 GHz transmitted signal and a 10 GHz + 10
kHz echo signal into the DDMZM.

Fig. 10. Measured system output electrical spectrum for a 10 GHz transmitted
signal, and two echo signals with frequencies of (a) 10 GHz + 50 kHz and
10 GHz + 20 kHz, and (b) 10 GHz + 50 kHz and 10 GHz - 20 kHz, into the
DDMZM.

signal generators used in the experiment. The lower operating
frequency of 10 GHz was used to ensure that the info peak is
more than 25 dB above the adjacent unwanted peaks.

The power ratio of the info peak to the two highest-amplitude
unwanted peaks, and the DFS measurement error obtained from
the info peak frequency, were recorded every 5 minutes over an
hour to investigate the system stability. The frequencies of the
transmitted and echo signals were set at 10 GHz and 10 GHz +
10 kHz respectively. Fig. 9 shows the unwanted peaks at 1 MHz
and 1.02 MHz are 29 dB and 43 dB below the info peak at 1.01
MHz respectively. More importantly, there is less than 0.3 dB
change in the power ratio of the info peak to the unwanted peaks
during the one-hour measurement period. Fig. 9 also shows the
DFS measurement error remains within ±0.1 Hz over an hour.
This demonstrates the proposed DFS measurement system, in
which the DDMZM does not require a DC bias voltage, has a
long-term stable performance.

Two different-frequency echo signals were applied to the
DDMZM to demonstrate the proposed system has the ability
to measure DFS of multiple echo signals. The two echo sig-
nals were generated by a microwave signal generator (Keysight
N5173B) and a network analyser (Keysight E5063). They had
different frequencies and powers, and were combined by a power
combiner (Gwave GPD-2-020265) before being applied to the
DDMZM through the modulator RF Port 2. RF Port 1 of the
DDMZM was driven by a 10 GHz transmitted signal. Fig. 10(a)
shows the system output electrical spectrum when the two echo
signal frequencies are 10 GHz + 50 kHz and 10 GHz + 20 kHz.

Fig. 11. (a) Transmitted pulsed signal spectrum measured in a 10 GHz span.
(b) Detailed section of the spectrum within 10 MHz of the transmitted signal
frequency.

Fig. 12. Measured system output electrical spectrum for an 8 GHz transmitted
pulsed signal with a pulse repetition frequency of 150 kHz and an echo signal
with (a) +40 kHz and (b) -25 kHz frequency offset.

As shown, there are two dominant peaks at around the sawtooth
wave frequency of 1 MHz. They are the two info peaks, which
have the frequencies of 1.02 MHz and 1.05 MHz. This indicates
that the DFS of the two echo signals are +20 kHz and +50 kHz.
Note that the two info peaks are over 18 dB higher than the
unwanted peak at the 1 MHz sawtooth wave frequency and are
over 27 dB higher than the unwanted peak at 950 kHz generated
by the beating of the second order sidebands at the PD. The
frequency of the 10 GHz + 20 kHz echo signal was changed to
10 GHz - 20 kHz. As shown in Fig. 10(b), the frequencies of
the two info peaks become 980 kHz and 1.05 MHz. The power
ratio of the info peak to the unwanted peaks are the same as
that shown in Fig. 10(a). Therefore, the number of echo signals,
which leads to the number of moving targets, can be obtained
from the number of dominant peaks at around the sawtooth wave
frequency. The speed and moving direction of each target can
be found from the info peak frequencies.

A transmitted pulsed signal and an echo pulsed signal were
used to demonstrate the proposed system can measure the DFS
of a pulsed signal. Each of the two pulsed signals was generated
by mixing a CW signal from a microwave signal generator with
a 150 kHz repetition frequency pulse train from a dual-output
waveform generator (Rigol DG4102), via an electrical mixer.
The carrier frequency of the transmitted pulsed signal was
8 GHz. Fig. 11 shows the transmitted pulsed signal spectrum
has multiple spectral lines separated by 150 kHz pulse rep-
etition frequency and is centred at 8 GHz. Fig. 12(a) shows
the DDMZM based DFS measurement system output electrical
spectrum when the echo pulsed signal has a centre frequency
of 8 GHz + 40 kHz. As was discussed in Section III, since the
sawtooth wave frequency is fS = 1 MHz and the pulse repetition
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frequency is fR = 150 kHz, the info peak must be located within
fS±fR/2, i.e., 925 kHz and 1.075 MHz. Fig. 12(a) shows there
are several peaks in this frequency range but only one peak has a
dominant amplitude. This info peak is located at 1.04 MHz.
A similar output electrical spectrum was obtained as shown
in Fig. 12(b) when the echo pulsed signal centre frequency
was changed to 8 GHz - 25 kHz. In this case, the dominant
peak, i.e., the info peak, is located at 975 kHz. The results in
Fig. 12(a) and 12(b) show the proposed microwave photonic
technique for DFS measurement can be used in pulsed radar
systems.

V. CONCLUSION

A new microwave photonic based DFS measurement system
has been presented. It is based on using Serrodyne frequency
translation to frequency shift a transmitted signal sideband,
which beats with an echo signal sideband at a PD to generate
a low-frequency electrical signal. Both the value and the sign
of DFS, and consequently the speed and the moving direction
of a target, can be obtained from the frequency difference
between this low-frequency electrical signal and the sawtooth
wave that is used for frequency translation. This eliminates using
an oscilloscope, which is needed in most reported microwave
photonic based DFS measurement systems, to determine the
target moving direction. The proposed DFS measurement sys-
tem has a simple structure and is free of electrical components.
Furthermore, no DC bias voltage is required to bias the DDMZM
used in the system at a specific point in the transfer function.
Only a low-frequency sawtooth wave, which can be produced
by a low-cost waveform generator, is needed for the frequency
translation process. Experimental results show the DFS mea-
surement error is less than ±0.06 Hz for a 10 to 19.95 GHz
transmitted signal frequency and an echo signal with +20 kHz
frequency offset. DFS measurement error remains below ±0.1
Hz and the power ratio of the info peak to the unwanted peak has
less than 0.3 dB change during a one-hour measurement period,
demonstrating the system has a long-term stable performance.
Results also demonstrate DFS measurement of two different-
frequency echo signals and a pulsed signal with a 150 kHz pulse
repetition frequency.
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