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Photonics-Based Simultaneous Angle of Arrival and
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Abstract—A photonics-based system for simultaneous angle of
arrival (AOA) and frequency measurement is proposed and demon-
strated. In the proposed system, an acousto-optic modulator (AOM)
based optical frequency shift loop (OFSL) is used to generate an
optical frequency-stepped local oscillator (LO). After balanced in-
phase and quadrature (I/Q) down-conversion with the frequency-
stepped LO, the frequency to be measured is obtained. Thanks to
the balanced I/Q down-conversion, the image frequencies and un-
desired frequency-mixing components can be suppressed, making
the system have better adaptability to multiple-target scenarios.
In addition, the AOA from different RF sources can also be es-
timated based on the Van Cittert-Zernike theorem, even if the
working bands of these targets overlap with each other. In the
proof-of-concept experiment, the measurement of multiple targets
with different frequencies is achieved by frequency detection with
0.179 MHz resolution. Moreover, incoherent microwave sources at
the same frequency band can also be distinguished in the angular
direction, achieving the capacity of simultaneous frequency and
AOA measurement of multiple-target.

Index Terms—Angle of arrival, frequency measurement,
microwave photonics, passive detection.

I. INTRODUCTION

NGLE of arrival (AOA) can be used to determine the direc-
A tion of the target, which is of critical importance in modern
radar, communication, and electronic warfare systems [1]-[3].
Generally, passive AOA measurement, mainly used for detecting
radio frequency (RF) sources, is achieved by comparing the
phase or time delay difference between the RF signals collected
by multiple antenna elements in an array. However, with the
increasing demand for high-resolution detection and high-speed
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wireless communication, the RF systems must have the ability
to process signals over a large frequency range, sometimes up
to tens of gigahertz, which is a great challenge for traditional
electronic technology.

RF systems based on microwave photonics (MWP) have the
capability of generating, transmitting, and processing RF signals
with large bandwidth [4]-[7]. By up-converting the RF signals
to the optical domain, the advantages of photonic technologies
including large operation bandwidth, ultra-low transmission
loss, and electromagnetic interference immunity can be achieved
[8]-[14]. Recently, various AOA measurement methods based
on MWP technologies have been proposed [15]-[25]. A simple
technique to measure the AOA of a broadband signal with an
optical beamformer array is proposed in [15], where the AOA
is obtained from the free-spectral range (FSR) of the system
frequency response. In [16], the AOA is estimated by measuring
the optical power. By applying two cascaded modulators, the
phase difference of two antennas is converted to the optical
power at carrier wavelength. Several similar power measurement
based AOA estimation methods such as measuring the optical
sideband power [17], the output microwave signal power [18], or
DC voltage [19] are also proposed. However, a calibration proce-
dure should be performed before the AOA estimation to avoid the
influence of incoming signal power. To address this, a photonics-
based system combining a polarization-division-multiplexed
dual-drive Mach-Zehnder modulator (PDM-DMZM) and an
optical notch filter is presented [20]. By measuring the ratio
of two DC voltages generated by low-speed photodetectors,
AOA estimation can be realized independent of the input signal
power. Besides, a phase scanning based method is proposed
to achieve AOA measurement through scanning the phase of
optical sideband from O to 27 [21]. But due to the bandwidth
limitation of optical filters, the two systems mentioned above can
hardly measure the low-frequency signals. Another approach
utilizing the frequency to identify the AOA is presented in [22].
Although the measurement accuracy is relatively high, it can
only detect the AOA of linear frequency modulated (LFM)
signals, leading to limited application scenarios. Among the
above-mentioned MWP-based AOA measurement methods, it is
not easy to achieve multiple-target detection. A tunable photonic
mixer based method for measuring the AOA of multiple signals
is proposed with prior information of the signal frequency
and only signals with different frequencies can be detected
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[23]. However, the frequencies of non-cooperation microwave
sources are also unknown as well as the AOA in practice.
Therefore, simultaneous AOA and frequency measurement is
highly required in practical applications.

A coherent optical processing method based on space optics
is presented, where RF signals from different directions can be
distinguished in real-time through compact lens-based optics
[26]-[28]. Meanwhile, the signal frequency can also be resolved
through a temporal aperture composed of fibers with different
lengths. Although this method can realize frequency and AOA
detection for multiple-target, the frequency resolution is only a
few hundred megahertz, which is far from actual demand.

Recently, we have proposed and demonstrated a photonics-
based simultaneous AOA and frequency measurement system
having the capability of multiple-target detection [29]. The pro-
posed AOA and frequency measurement system has several ad-
vantages compared to previous methods. Firstly, multiple-target
detection, especially when the targets’ working frequency bands
overlap with each other is achieved through the array signal
processing algorithm based on Van Cittert—Zernike theorem.
Secondly, frequency measurement without image-frequency in-
terference and undesired frequency-mixing components is re-
alized at the same time through optical time-division channel-
ized balanced in-phase and quadrature (I/Q) down-conversion.
Thirdly, the proposed system is able to characterize the intensity
of different targets as well as the AOA and frequency, so it has
the potential to be further extended to realize 2-D imaging [30]
and even 3-D k-space imaging [26]. However, only some brief
theoretical derivation as well as experiment results are included
in [29], which cannot fully prove the performance of the system.

In this paper, a comprehensive theoretical analysis of the
proposed photonics-based simultaneous AOA and frequency
measurement system is performed while proof-of-concept ex-
periments are also carried out. In Section II, the principle of
the proposed system is introduced in detail. In Section III, fre-
quency and AOA measurement experiments for single-target and
dual-target detection are investigated separately. The benefits
brought by balanced I/Q down-conversion are also analyzed,
which makes the proposed system have better adaptability to
different situations. Conclusions are drawn in Section I'V.

II. PRINCIPLE
A. Principle of the Proposed Structure

The schematic diagram of the proposed AOA and frequency
measurement system is depicted in Fig. 1(a). A continuous
wave (CW) light generated by a laser diode (LD) is equally
divided into two branches by an optical coupler (OC), which
are used as the optical carriers. The optical carrier in the upper
branch is modulated by a single-frequency microwave signal at a
dual-parallel Mach-Zehnder Modulator (DPMZM, DPMZM1).
The single-frequency signal is generated by a microwave signal
generator and connected to two sub-MZMs in DPMZMI1 via
a 90-degree electrical hybrid. DPMZMI is biased at carrier-
suppressed single sideband (CS-SSB) modulation mode [9] with
two sub-MZMs biased at null transmission point and the main
MZM biased at quadrature transmission point to achieve an
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Fig. 1.  Schematic diagram of the proposed AOA and frequency measurement
system (a) and time-frequency diagram at key points (A-D) in the system (b).
LD: laser diode; MSG: microwave signal generator; MZM: Mach-Zehnder mod-
ulator; DPMZM: dual parallel MZM; OFSL: optical frequency shift loop; OC:
optical coupler; OBPF: optical bandpass filter; AOM: acousto-optic modulator;
OA: optical amplifier; RA: received antenna; LNA: low noise amplifier; BPD:
balanced photodetector; ADC: analog to digital converter; DSP: digital signal
Pprocessor.

initial frequency shift. Assuming that the angular frequency of
the optical carrier is w., the output of DPMZMI1 can be expressed
as

eppmzMm (1) = cos (ﬁ cos (wot) — g) exp (jwet)

. 7r , T
+ cos (5 sin (wot) — 5) exp (]wct + ]5)

2J1 (B) exp [j (we + wo) t] (1

where wg and 3 are the angular frequency and the modulation
index of the microwave signal, respectively. J1(-) is the first-
order Bessel function. The output of DPMZM1 is then sent to
an optical switch driven by an electrical pulse train to generate
a pulse light (Point A), which can be represented as

Q

t
€pulse = €0 ° rect <T> €xXp [.7 (wc + WO) ﬂ (2)

pw

Here ¢( is the amplitude of the optical signal, T}, is the
pulse duration time. The generated pulse light is then injected
into the optical frequency shift loop (OFSL) which consists of
an acousto-optic modulator (AOM), an optical amplifier (OA),
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and an optical bandpass filter (OBPF). The AOM is used as
a single-sideband frequency shifter with a few hundred MHz.
The OA is inserted to compensate for the loop loss while the
OBPF is added to limit the working bandwidth of the OFSL
and suppress the amplified spontaneous emission (ASE) noise.
Therefore, an optical frequency-stepped LO is generated at the
output of OFSL, including a series of time-division multiplexed
frequency channels with a bandwidth of few hundreds of MHz.
Assuming that the frequency shift applied by AOM is Aw, the
signal at the output of OFSL (Point B) can be written as

N
t —nl;
eB(t):Zrect( Tn L)-
n=1 pw

exp [] (wc +wo + nAw) t+ j‘Pn]

3

where T7, is the loop delay and ¢,, is the extra phase difference
introduced by the loop in the nth shift. Nis the maximum number
of frequency shifts in one period, which is determined by the
bandwidth of the OBPF.

In the lower branch, the CW optical carrier is sent to a set of
parallel DPMZMs. The RF signals received by the antenna array
are upconverted to the optical domain through these DPMZMs.
Each antenna is connected to a corresponding modulator via
a low noise amplifier (LNA), respectively. The DPMZMs are
biased at CS-SSB mode to obtain only the + Ist-order sidebands.
Assuming that wgrp is the angular frequency of the received
RF signal, the output of the mth DPMZM (Point C) can be
represented by

“

where Sr is the modulation index of the received RF signal, and
Tm = (m-1)d-sinf/c is the time delay of the RF signal captured
by the mth antenna in the uniform linear array (ULA) with the
element spacing of d. § is the AOA to be measured.

Then, the output of the mth DPMZM and the optical
frequency-stepped LO are sent to a 90-degree optical hybrid.
The four outputs of the optical hybrid can be written as

ecm (t) < J1 (Brr) exp [jwet + jwrr (t — Tm)]

€1+ (t) 1 1

e1— (t) 1 -1 . €B (t)

o= [ | L) ®
eq- (1) 1 —j

The obtained four optical signals are connected to two bal-
anced photodetectors (BPD) to perform the optical-to-electrical
conversion. The outputs of the two BPDs can be expressed as

|:5m1 (t) :| x |:|emI+ (t)|22_ |€m1_ (t)|2 2:|
smQ () lema+ (1) = lema- (1)]

x [0 O b0 conlt) ]
—jlen () €l (1) — €3 (1) - ecm (1)

(t — nTL )
o rect .
Thw

cos [(wrF — wo — NAw) t + WRFTm + Pn)
—sin [(wrr — wo — NAW) t + WRFTm + ©n)

(6)
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Fig. 2. Geometric position diagram of Van Cittert-Zernike theorem.

Ascanbe seenin (6), two down-converted signals with a phase
difference of 90° are generated. Due to the bandwidth limitation
of the low-speed BPD, the down-converted low-frequency signal
can be output only when the frequency of the RF signal is in
the corresponding frequency channel. After analog-to-digital
conversion, a complex-valued signal can be synthesized in the
digital domain, which can be represented by

t — nT]
Sm (1) rect( T L) .

pw

(7

By searching the frequency channel where the beat note exists,
the shift times n can be derived. Then the frequency of the RF
signal can be calculated without ambiguity. The complex-valued
signals collected by different antennas are cross-correlated (mul-
tiplied and integrated) with each other to obtain the angular
domain information.

exp {j [(UJRF —wp — nAw) t + WRFTm — <p]}

B. AOA Measurement Principle

The principle used to obtain the AOA of multiple targets is
based on Van Cittert-Zernike theorem developed in radio astron-
omy [31]. The theorem states that when targets with incoherent
radiation are in the far-field (or Fraunhofer zone) of the receive
array, the Fourier transform of the cross-correlation function
between different antennas is equal to the source intensity dis-
tribution. Van Cittert-Zernike theorem can be represented by
the following formula and the geometric position diagram is
depicted in Fig. 2.

I(a,B) = //V(u,v)exp [—j27 (ua + vB)| dudv ~ (8)

where I(«, B) is the 2-D spatial scene intensity, v = sinf-cosp,
B = sinf-sinp are the direction cosines. Here, € and ¢ are
spherical coordinates with respect to Cartesian coordinate x and
y, respectively. V(u, v) called visibility function is the result of
cross-correlation for zero time offset between signals collected
by two different elements in the array, where u and v are spatial
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Fig. 3. The schematic diagram of a linear array observing two targets with
incoherent radiation.

frequencies corresponding to coordinate x and y, respectively.
For an antenna pair Py (x1, y1) and Py (x2, y2) in Fig. 2, the spatial
frequencies are given by u = (x3-x1)/ARF, v = (y2-y1)/ARF, here
ARy is the wavelength of the detected RF signal. The theorem
indicates that when targets with incoherent radiation are in the
far-field of the receive array, the direction of the targets can
be derived from the cross-correlation function measured at the
receive array.

When the theorem is applied to the proposed AOA mea-
surement system with a 1-D linear array as shown in Fig. 3,
the 2-D Fourier transform can be simplified to the 1-D Fourier
transform. In addition, since the coordinates of array elements
in the practical array are discrete values, the Fourier transform
should be written in discrete form.

I(a)= Z V () exp (—j 27U, ) 9)

Here, I(«) is 1-D spatial scene intensity containing the angular
domain information. V(u,,) is the cross-correlation result for
zero time offset between the signals collected by the 1st and
the m+1th channel, which corresponds to a specific spatial
frequency u,,, and can be expressed as

V (um) = (s1(8) - $pya (1))
o <rect2 (t —nTy/Tpw)
-exp {J [(wrr — nAw) t + wrrT1]}
-exp {—j [(Wrr — NAW) t + WRFTm1]})

oc/exp (JwrrP AT, )dt

x exp (j27dy, /Agp - Sin0) (10)

where <-> represents a time average operation, A7, is the time
delay difference between the selected two antenna elements, d,,
is the length of the mth baseline (separation between the 1st
and the m+-1th antenna in the linear array). By collecting the

7659

cross-correlation result corresponding to different spatial fre-
quencies (or baselines) and fusing them through inverse Fourier
transform, the spatial scene intensity will be obtained [32].

In practical applications, multiple targets often appear at the
same time. Therefore, it is necessary to analyze the capability of
multiple-target detection. Consider a two targets detection sce-
nario depicted in Fig. 3, the cross-correlation can be represented
by

VA+B (UHL) == <51 (t) + 52 (t)>
= ((s1a (t) +s18 (1)) - (524 (t) +528 (1))
~ (s14 (1) - s2a (1)) + (s1 (1) - 528 (1)) (11)

where s, (f), and s,,,5(?) are signals emitted by target A and B,
respectively, which are collected by the mth antenna element.
Due to the incoherent radiation assumption mentioned above,
the coherence between signals from different targets is very low.
Therefore, the cross-correlation term between different targets
can be ignored, and only the common parts are retained. The
dual-target visibility function can then be simplified into a sum
of two single-target visibility functions. Furthermore, according
to the linear properties of the Fourier transform, the dual-target
far-field intensity can be expressed as the superposition of the
two targets.

IA+B (Ol) = F71 (VA (Um) + VB (um))
=F 1 (Va (u)) + FH (Vs (um))

=1 (Oz)—|—]13 (Oé) (12)

Thus, when the electromagnetic radiation from different tar-
gets is incoherent, multiple-target detection can be achieved.

III. EXPERIMENTS AND RESULTS

A proof-of-concept experiment is carried out based on the
schematic diagram in Fig. 1. A CW optical carrier at 193.4
THz is generated by an LD and divided into two branches
through a 50:50 OC. In the upper branch, the optical carrier
is directed to a DPMZM (Fujitsu FTM7961). A microwave
signal generator (R&S SMA100B) is implemented to generate a
pulsed-modulated single-frequency microwave signal with a fre-
quency of 7.8 GHz, a pulse width of 5 us, and a period of 600 us.
The generated microwave signal is then split by a 90-degree
electrical hybrid for CS-SSB modulation at the DPMZM. Since
the driving signal of the DPMZM is a pulsed-modulated signal,
the DPMZM is used as an optical switch and a frequency shifter
atthe same time. The optical spectrum after DPMZM (Point A) is
shown in Fig. 4 by the solid curve. The spectrum is measured by
an optical spectrum analyzer (Yokogawa AQ6370C). The output
of the DPMZM is then sent into the OFSL, which is composed
of an AOM with a bandwidth of 200 MHz, an erbium-doped
fiber amplifier (EDFA, Amonics AEDFA-PA-35B), a span of
1-km fiber, an OBPF (Yenista XTM-50 Ultrafine), and a 50:50
2x2 OC. The optical frequency-stepped LO with a frequency
interval of 200 MHz is then generated after carefully tuning
the input power of OFSL and the gain of EDFA. The output
spectrum from the OFSL (Point B) is depicted in Fig. 4 by the
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Fig.4. Optical spectra at several key points in the proposed system. Solid blue
line: output of the DPMZM in the upper branch (Point A), dashed orange line:
output of OFSL (Point B), dotted yellow line: output of PDM-DPMZM in the
lower branch (Point C).

30+ ——OFSL ——OBPF |
! 29.2 GHz

K, (N

80 - ,
1 1 W
193.44

193.42 193.43
Frequency (THz)

Fig. 5. Frequency response of OFSL (blue line) and OBPF (orange line)
captured by the high-resolution optical spectrum analyzer.

dashed curve. The optical spectrum at point B measured by a
high-resolution optical spectrum analyzer is shown in Fig. 5 by
the solid blue line. The signal-to-noise ratio inside the passband
of the OBPF is about 31 dB. The total 3-dB bandwidth of the
frequency-stepped LO is about 29.2 GHz.

The CW optical carrier in the lower branch is sent to
a polarization-division-multiplexed DPMZM (PDM-DPMZM,
Fujitsu FTM7977) which has a sub-DPMZM in the X and Y
polarization respectively. Signals collected by two elements in
the array are sent to two sub-DPMZMs. Both sub-DPMZMs
are biased at CS-SSB mode. The optical spectrum after PDM-
DPMZM (Point C) is presented in Fig. 4 by dotted curve.

The output of the PDM-DPMZM is connected to a dual-
polarization 90-degree optical hybrid via a polarization con-
troller (PC). By properly adjusting the PC, the signals of two
sub-DPMZMs can be separated. Two low-speed BPDs (Thorlabs
PDB450C-AC, bandwidth 150 MHz) are then applied after the
optical hybrid to achieve optical-to-electro conversion. The gen-
erated low-frequency electrical signal is sampled by a real-time
oscilloscope with a sampling rate of 200 MSa/s.

‘What needs to be noted here is that under ideal conditions, the
AOA should be measured by collecting signals of all elements
in the linear array simultaneously. However, due to the hardware
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Fig. 6. The time domain waveform of down-converted signal at 10.21 GHz
(a) and 11.165 GHz (c), corresponding spectra of I channel and the synthesized
complex-valued signal (b) (d).

limitation, only two channels of signals can be captured at
the same time, and the AOA is measured by selecting two
elements with different separations in the array to synthesize
an equivalent 1-D aperture. Therefore, the PDM-DPMZM and
dual-polarization 90-degree optical hybrid applied in the exper-
iment are used to provide two identical I/Q down-conversion
links.

A. Frequency Measurement

To investigate the performance of the proposed system, fre-
quency measurement experiment is first carried out. A single-
frequency signal at 10.21 GHz generated by a microwave sig-
nal generator is used as a detected signal. The waveform of
down-converted signal and corresponding frequency spectrum is
shown in Fig. 6(a) and (b). The frequency of the down-converted
signal is 10 MHz. Since 10.21 GHz is in the channel around
10.20 GHz and is higher than the reference frequency, the fre-
quency of the obtained complex-valued signal is positive, which
is represented by the solid blue line in Fig. 6(b). After I/Q imbal-
ance compensation according to [33], the image-rejection ratio
is about47 dB. Another single-frequency signal at 11.165 GHz is
also applied, which is lower than the reference frequency 11.20
GHz. The frequency of the obtained complex-valued signal is
—35 MHz. The corresponding spectrum is shown in Fig. 6(d),
where a 48-dB image-rejection ratio is achieved.

Then, to manifest the ability of multiple-target detection, mea-
surement of multiple frequencies is performed. A two-tone sig-
nal at 11.02 GHz and 11.03 GHz is generated as the target signal.
The frequency spectra of down-converted signals obtained by
single-end PD (SPD) and BPD are presented in Fig. 7. As can be
seen in the spectra obtained by SPD, which is presented by dotted
orange line, three frequency components are generated. Two
spectral peaks at 20 MHz and 30 MHz are the down-converted
target signals according to the reference frequency of 11 GHz.
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Fig. 7. The spectra of down-converted signals obtained by single-end PD
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Fig. 8. Experiment setup of AOA measurement (a) and picture of dual-target
detection (b).

In addition, an undesired frequency component at 10 MHz is
relatively high, which is generated due to the frequency mixing
between the two original frequencies. By applying balanced
detection, the undesired frequency component can be greatly
suppressed. The suppression ratio is about 30 dB compared with
the spectra obtained by SPD. Furthermore, the baseband compo-
nents around zero frequency are also significantly suppressed.
This capability is quite important when dealing with multiple
targets. The frequency measurement resolution is also tested.
As is shown in the zoom-in view of the spectra in Fig. 7, the
3-dB bandwidth is 0.179 MHz, which is very close to the theo-
retical resolution of 0.178 MHz corresponding to the duration of
5 ps [34].

B. AOA Measurement

In the AOA measurement experiment, two horn antennas are
used as target sources. An X-band ULA with antenna elements
interval of 3 cm s used as the receive array. The experiment setup
is depicted in Fig. 8(a), where the vertical distance between the
plane of the target antennas and the ULA is 1.8 m. To calculate
the theoretical AOA, the target antennas are placed at different
horizontal distances from the reference point where AOA is 0°.
The theoretical AOA is calculated according to the horizontal
distances and the vertical distance. Without losing generality,
we assume that the AOA of the antenna on the right side of the
reference point is positive.
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Fig. 10.  The obtained dual-target AOA measurement result.

Single target AOA measurement is first carried out. The target
antenna is first placed at the reference point. To simulate a
practical scenario, a band-limited gauss noise signal with a
center frequency of 10.23 GHz and a bandwidth of 40 MHz is
used as the transmitted signal. The measurement result is shown
in Fig. 9 in solid blue line (a), where the measured AOA is-0.24°.
Then the target antenna is placed at a horizontal distance of 45
cm to the right of the reference point. It can be calculated that
the theoretical AOA is 14.04°. The measurement result is shown
in Fig. 9 by dotted orange line (b), showing that the measured
AOA is 14.30°.

Then, dual-target AOA measurement is conducted based on
the setup in Fig. 8(b). Two target antennas are placed on different
sides of the reference point. Antenna 1 is placed 15 cm to the
left of the reference point, and antenna 2 is placed 30 cm to
the right of the reference point. The theoretical AOAs can be
calculated as —4.76° and 9.46°, respectively. The transmitted
signals of the two antennas are incoherent gauss noise signals
with the same frequency band (10.21~10.25 GHz). The obtained
measurement result is depicted in Fig. 10. As can be seen, the
two target sources with the same frequency band but different
AOAs can be distinguished clearly. The measured AOAs are
—5.35° and 9.76°, respectively.

In the dual-target AOA measurement, data received by 9
elements are collected. The theoretical resolution should be
0.89A/(wD)-180° = 6.22°. However, the 3-dB bandwidth of
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the obtained result in Fig. 10 is about 8.59°, with considerable
deterioration. Similar deterioration also occurs in single target
detection using 7 elements, in which the resolution is deterio-
rating from 8.30° to 11.40°.

Here, the AOA measurement error and resolution deteriora-
tion in the experiment can be summarized into three reasons.
Firstly, the far-field assumption is not fully satisfied. Due to
the limitation of experiment conditions, the detection range is
relatively short. Therefore, the amplitude of signals received by
each element is not equal, which causes the widening of the main
lobe. Secondly, the size of the X-band horn antennas used in the
experiment is quite large (10.6 cmx13.7 cm) compared with
the detection range, which cannot be completely equivalent to
an ideal point target. Thirdly, the point spread function (PSF)
of the array and the impact of the transfer functions of the
devices used in the system are not considered in Van Cittert-
Zernike theorem, which will also distort the AOA measurement
results [35].

Although only narrowband signals are tested in the experi-
ment, the AOA of wideband signals can also be measured due
to the large working bandwidth. It is also worth noting that
the proposed system can characterize the intensity of the target
source as well as the AOA. Therefore, it can be further extended
to a passive 2-D imaging system by applying a 2-D array [30]. In
addition, a sparse array or compressive coding algorithm can be
applied to reduce the hardware complexity of the system [35],
[36]. We are planning to carry out the related research in future
work.

IV. DISCUSSION AND CONCLUSION

In the experiment, limited by the operation bandwidth of the
X-band antennas of the array, the frequency coverage of the
established system is about 8~12 GHz. If a wideband antenna
array is applied, the operating frequency range of can be en-
larged to up to 30 GHz, which is determined by the bandwidth
of the OFSL response. It should also be noted that, although
the measurement of two frequencies are demonstrated, the fre-
quency measurement error is theoretically independent of the
frequency to be measured, since the frequency measurement is
acquired through broadband down-conversion and digital signal
processing. The AOA measurement error can be evaluated by
the Cramer-Rao Lower Bound (CRLB) [37].

6
L (L? — 1) SNRE2d?cos? ()

VAR (9) > (13)

where 0 is the estimated AOA, VAR(é) is the variance of the AOA
estimation, L is the number of antennas in the linear array, SNR
is the signal-to-noise ratio of the system, k is the wavenumber
of the incoming signal, d is the distance between two adjacent
antennas. Thus, the error of AOA estimation is dependent on the
frequency and the direction of the incoming signal. When the
size of the antenna array (L and d) and SNR are fixed, the AOA
measurement error becomes smaller as the signal frequency
increases, and it becomes larger as the incident angle of the
signal becomes larger.
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In conclusion, we have proposed and experimentally demon-
strated a photonics-based simultaneous angle of arrival and
frequency measurement system for multiple-target detection.
By combining the optical time-division channelized I/Q down-
conversion and the array signal processing method based on
Van Cittert-Zernike theorem, frequencies and AOA of multiple
targets can be measured simultaneously. In the experiment,
target antennas with different frequencies and AOAs are detected
to verify the feasibility of the proposed system. Compared to the
previously reported photonics-based AOA measurement system,
the proposed system can be applied in multiple-target scenarios,
which provides a novel solution for photonics-based passive
detection systems.
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