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A photonic scheme that can simultaneously estimate the microwave Doppler-frequency shift (DFS) and angle-of-
arrive (AOA) is demonstrated. In the proposed system, the transmitted signal is independently mixed with two echo
signals by a dual-channel microwave photonic mixer. By measuring the frequency of the intermediate frequency
(IF) signal output from the two channels and the phase difference between them, the DFS (with direction identifi-
cation) and AOA parameters can be obtained. In a proof-of-concept experiment, the errors are less than ± 0.08 Hz
for the DFS measurement within a range of ±100 kHz and less than ±1.3 deg for the AOA measurement ranging
from 0◦ to 90◦, respectively. ©2021Optical Society of America
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1. INTRODUCTION

Obtaining the distance, speed, and angle of moving objects is
essential in the fields of intelligent driving [1], wireless com-
munication [2,3], radar ranging [4–7], and medical imaging
[8]. Generally, the determination of these parameters can be
translated to the measurement of the Doppler frequency shift
(DFS) and the angle of arrival (AOA). Due to the electronic
bottlenecks, however, the conventional electronic measurement
technologies are difficult to implement when the signal-under-
test ranges from several MHz to even subterahertz. Recently,
owing to the inherent advantages of large instantaneous band-
width, low transmission loss, and immunity to electromagnetic
interference, lots of photonics-based methods are reported to
realize the measurements of microwave DFS and AOA [9–13].
For example, the microwave DFS can be simply measured by a
microwave photonic mixer [14,15]. To distinguish the direction
of the DFS, a reference RF signal (introduced by an acousto-
optic modulator) [16] or an additional microwave source
[17,18] or an auxiliary phase difference (realized by a photonic
I/Q mixer [19]) is usually employed. On the other hand, dif-
ferent methods are applied to measure the AOA [20–25]. For
instance, in [20], AOA is transferred to the coherent time delay,
which can be acquired through measuring the notch frequency
of the transmission response. Besides, AOA can also be obtained
by measuring the optical power [21], the output DC voltage of
a single-polarization system [22], or the DC voltage ratio of a
dual-polarization system [23].

Most of the previously reported schemes can measure either
DFS or AOA, not both. To simultaneously obtain the DFS
and AOA, Li et al . proposed an approach based on a parallel

microwave phonic mixer [24], which obtains the DFS from the
frequency of the intermediate frequency (IF) signals after down-
conversion as well as the AOA from the phase difference between
them. However, data from the perpendicular bisector of the two
receiving antennas cannot be obtained. To solve this problem,
a polarization-division-multiplexed microwave photonic I/Q
mixing system is employed [25]; however, the system structure is
complicated. More recently, a simple photonics-based DFS and
AOA estimation system is realized by a single fiber link [26], in
which the DFS is obtained by adding a reference signal [18], and
the AOA is calculated by measuring the power of the IF signal.
However, this scheme needs an additional microwave source
and has strict requirements on the carrier–suppression ratio,
phase imbalance of the optical coupler, and precise bias of the
modulator.

In this paper, a dual-channel microwave photonic mixer is
employed to simultaneously measure the microwave DFS and
AOA. In the proposed system, an optical carrier is sent to the
polarization-division-multiplexed dual-drive Mach–Zehnder
modulator (PDM-DMZM). A pair of transmitted signals are,
respectively, fed into the RF ports of the two sub-DMZMs, and
a pair of echo signals from different directions are separately sent
to the other RF ports of the sub-DMZMs. The+1st-order side-
bands are then selected using an optical bandpass filter (OBPF)
and re-divided into two orthogonally polarized branches.
After photodetection, a pair of IF signals with a specific phase
relationship is obtained. By measuring the frequency and the
phase relationship, the DFS (with direction) and AOA can be
obtained. An experiment is carried out. The DFS with an error
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of less than±0.08 Hz between±100 kHz and the AOA with an
error of less than±1.3 deg from 0◦ to 90◦ are realized.

2. METHOD

The schematic of the proposed measurement system is shown in
Fig. 1. An optical carrier with its polarization state adjusted by a
polarization controller (PC, PC1) is sent to a PDM-DMZM. To
simulate the scenario of observing a moving object, a transmit-
ted signal (Tx) with an angular of ω1 is divided into two paths
separately fed into the RF ports of the sub-DMZMs. A pair of
echo signals (RX 1 and RX 2) with an angular frequency of ω2

and a phase difference of θ are applied into other RF ports of the

E y =

√
Pin

2

√
tff{ j J1(β1) exp[ j (ωC −ω1)t] + J0(β1) exp( jωC t)

+ j J1(β1) exp[ j (ωC +ω1)t] + j J1(β2) exp[ j (ωC −ω2)t − jθ + jφ]

+ J0(β2) exp( jωC t + jφ)+ j J1(β2) exp[ j (ωC +ω2)t + jθ + jφ]}. (5)

two DMZMs. Therefore, the modulated signals at the outputs
of DMZM1 and DMZM2 can be written as

E x =

√
Pin

2

√
tff[exp j (ωCt + β1 cosω1t)+ exp j (ωCt + β2 cosω2t)],

(1)

E y =

√
Pin

2

√
tff{exp( jωCt + β1 cosω1t)

+ exp[ jωCt + β2 cos(ω2t+θ)+ jφ]}, (2)

whereωC is the angular frequency of the optical carrier, Pin rep-
resents the optical power, tff is the insertion loss of two DMZMs,
β1 and β2 represent the modulation indices of the transmitted
and echo signals, and φ represents the optical phase difference
introduced by a DC voltage applied to DMZM2. θ is the phase
difference related to the AOA of the received RF signals, which is
given by

Fig. 1. Schematic of the proposed system. LD, laser diode; PC,
polarization controller; DMZM, dual-drive Mach–Zehnder modu-
lator; PDM-DMZM, polarization-division multiplexed DMZM;
PR, polarization rotator; OBPF, optical bandpass filter; EDFA,
erbium-doped fiber amplifier; PBS, polarization beam splitter; PD,
photodetector.

θ =ω21τ+2kπ,

ϕ = cos−1(c1τ/d), (3)

where1τ is the relative time delay between the two received sig-
nals, d is the distance of two antennas, c is the light speed, and ϕ
refers to the AOA of the received signals.

According to the Bessel function of the first kind, Eqs. (1) and
(2) can be expanded to

E x =

√
Pin

2

√
tff{ j J1(β1) exp[ j (ωC −ω1)t] + J0(β1) exp( jωC t)

+ j J1(β1) exp[ j (ωC +ω1)t] + j J1(β2) exp[ j (ωC −ω2)t]

+ J0(β2) exp( jωC t)+ j J1(β2) exp[ j (ωC +ω2)t]},
(4)

The polarization-multiplexed signal of the PDM-DMZM is
sent to an OBPF to filter out the+1st-order sidebands, which is
given by

[
E x
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(6)

By adjusting another PC (PC2) to make the polarization
state of the optical signal align to the main axis of a polarization
beam splitter (PBS), the polarization-multiplexed optical sig-
nal is re-divided into two orthogonal branches. Through the
photodetection of the two PDs (PD1 and PD2) connected to
the two branches, a dual-channel microwave photonic mixer is
achieved, and the two downconverted IF signals can be written
as [

ix

i y

]
∝

[
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cos [(ω1 −ω2)t − θ − φ]

]

=

[
cosωdt
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]
ω1 >ω2, DFS> 0

or[
ix

i y

]
∝

[
cos(ω2 −ω1)t

cos [(ω2 −ω1)t + θ + φ]

]

=

[
cosωdt

cos(ωdt + θ + φ)

]
ω1 <ω2, DFS< 0 (7)

ωd = |ω1 − ω2| represents the value of microwave DFS,
which can be obtained by measuring the frequency of the IF
signal. Besides, the direction of DFS can be determined by
comparing the phase difference |θ + ϕ| between ix and i y .
If ix is ahead of i y , a positive phase difference and a positive
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direction of DFS will be obtained. In contrast, a negative phase
difference and negative direction will be derived as i y is ahead
of ix . Furthermore, the value of θ can be obtained when the
bias-introduced phase shift φ is known after precalibration. It
should be noted that, whenφ is set to be 90◦, the proposed dual-
channel microwave photonic mixer will be regarded as an I/Q
mixer, which is widely used in the previous demonstrations [18].
Unlike in [23], the introduction of φ ensures the universality of
the proposed system. Even the data come from the perpendicu-
lar bisector of the two receiving antennas (i.e., θ = 0 deg), the
direction of the DFS can still be distinguished.

3. RESULTS AND DISCUSSION

In a proof-of-concept experiment, a continuous-wave (CW)
source with a wavelength of 1550.1 nm and a power of
17.84 dBm is sent to a PDM-DMZM (Fujitsu FTM7980).
The modulator has a bandwidth of larger than 20 GHz and
a half-wave voltage of less than 3.5 V. The transmitted and
echo signals are generated by two microwave sources (Agilent
E8257D and Agilent N5183A). After modulation, the output
signal of the PDM-DMZM goes through an OBPF (Yenista
XTM-50) with the +1st-order sideband selected. The selected
sideband is then separated into two orthogonal polarizations
by a PC and a PBS. After using two low-frequency PDs with a
bandwidth of 150 MHz and a transimpedance gain of 103 V/A,
the downconverted IF signals are processed by a real-time

Fig. 2. Optical spectra of the polarization-multiplexed signal before
(blue dotted line) and after (black dashed line) the OBPF. Red solid
line: frequency response of the OBPF. CS-SSB, carrier suppressed
single sideband.

oscilloscope to measure the DFS and AOA. The optical spec-
tra and electrical spectra are captured by an optical spectrum
analyzer (YOKOGAWA AQ6370) and an electrical spectrum
analyzer (R&S FSV-40), respectively.

In the experiment, the frequency of the transmitted signal is
10 GHz and that of the echo signal is 10.01 GHz. The power of
both the signal is set to be 10 dBm. Figure 2 shows the optical
spectra of the modulated signal before and after optical filtering.
As can be seen from the red solid line, by properly setting the
central wavelength and bandwidth, the optical carrier together
with other unwanted optical sidebands are largely suppressed
by the OBPF. Only the +1st-order sideband is selected and
its power is 30 dB higher than the residual optical carrier and
−2nd-order sideband, as depicted as the black dashed line in
Fig. 2.

The proposed dual-channel microwave photonic mixer is
based on the polarization multiplexing by the PDM-DMZM
and the polarization demultiplexing by PC2 and the PBS [27].
To verify this, waveforms at the outputs of PD1 and PD2 when
DMZM2 or DMZM1 is separately undriven are measured and
shown in Fig. 3. By comparing the waveforms in Fig. 3, we can
see that, when adjusting PC2 to make the polarization state of
the light align to the main axis of the PBS, the waveform can
only be obtained at a single PD, indicating that the polarization-
multiplexed optical signal can be effectively separated into two
orthogonally polarized branches with neglectable polarization
crosstalk. It should be noted that the bias drift of the modulator
and the polarization state of PC2 can influence the stability
of the system. To maintain good stability, some means can
be considered, such as modulator bias-controller [28] and an
electrically PC with feedback controlling [29,30].

Figure 4(a) shows the electrical waveforms of the two down-
converted IF signals. According to the corresponding spectra
shown in Fig. 4(b), the frequency of the downconverted IF sig-
nal is 10 MHz, so the DFS value is 10 MHz. Besides, as shown
in the waveforms, since the waveform obtained by PD1 is ahead
of that by PD2, the DFS direction is positive, according to the
description in Eq. (7). When the frequency of the echo signal is
changed to be 9.99 GHz, the measured DFS value keeps being
10 MHz, as shown in Fig. 4(d). However, the phase relationship
between the two outputs is reversed, as depicted in Fig. 4(c),
so a negative DFS direction is derived. To further demonstrate
the DFS measurement within a wide frequency range, the
frequency of the echo signal is changed within ± 0.001 GHz
with a 20 kHz step at 10, 20, 30, and 40 GHz respectively. As

Fig. 3. Obtained electrical waveforms at the outputs of PD1 (red dashed line) and PD2 (black solid line) when (a) DMZM2 or (b) DMZM1 is sep-
arately undriven.
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Fig. 4. Electrical (a), (c) waveforms and (b), (d) spectra of downconverted IF signals when the DFS is+10 MHz and−10 MHz, respectively. Red
dashed line: downconverted IF signal output from PD1; black solid line: downconverted IF signal output from PD2.

Fig. 5. Measured DFS (black dashed line) and the measurement
error (blue solid line) at 10, 20, 30, and 40 GHz.

shown in Fig. 5, when the resolution bandwidth and video
bandwidth of the electrical spectrum analyzer are both 1 Hz, all
the measurement errors are estimated to be less than± 0.08 Hz.
Besides, the sensitivity of the system is also discussed. In our
experiment, when the power of the transmitted signal is set to
be −5∼ 10 dBm, the minimum detectable power of the echo
signal is about −90 dBm. When the power of the transmitted
signal is gradually reduced to −20, −30, and −40 dBm, the
minimum detectable power of the echo signal is increased to
−73, −61, and −50 dBm. Similar to the conventional analog
photonic link, the sensitivity of the system can be increased by
using a lower noise laser, amplifier, and PDs [31].

In order to demonstrate the AOA measurement, a variable
phase difference θ is induced by a voltage-controlled microwave
phase shifter. The blue-square line (�) in Fig. 6 represents the
phase shift with the different applied DC voltages, which is

Fig. 6. Phase shifts measured by EVNA (�), the proposed method
(•), and the corresponding measurement error of the phase shift (N).

measured by an electrical vector network analyzer (EVNA,
R&S ZVA-67), while the red-point line (•) represents the phase
shift measured by the proposed AOA measurement system.
The measurement error is labeled as the green-triangle line
(N), which is less than ±3.2 deg. According to Eq. (3), we can
calculate that the AOA measurement error is less than±1.3 deg
within the angular range from 0◦ to 90◦. It should be stressed
here that the stability of MZM states is also necessary for the
accurate measurement of AOA according to Eq. (7). The change
of the bias state of the MZM will lead to the uncertainty of
bias-introduced phase shiftφ, which will bring ambiguity to the
measurement of the AOA. Therefore, the AOA measurement
error can be further reduced by introducing a bias controller and
temperature controller to the system.
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4. CONCLUSION

In conclusion, we propose a microwave-photonics-based
DFS and AOA estimation system. Through a dual-channel
microwave photonic mixer, the DFS and AOA information
can be calculated by the frequency of the downconverted IF
signal and the phase difference between them, respectively.
Experimental results show that the error of the DFS measure-
ment within ±100 kHz is less than ±0.08 Hz, and the error
of the AOA measurement ranging from 0◦ to 90◦ is less than
±1.3 deg. The proposed system provides a reliable solution
for future applications such as intelligent driving, wireless
communication, radar detection, and other fields.
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