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A photonic approach to concurrently measure the angle-of-arrival (AOA) and the chirp rate of a linear frequency
modulated (LFM) signal is proposed and experimentally demonstrated. The measurement is achieved by esti-
mating the differential frequency of a two-tone signal output by a dual-parallel Mach–Zehnder modulator and an
additional asymmetry Mach–Zehnder interferometer. Experiments show that the AOA and the chirp rate are
measured simultaneously, with an AOA measurement error of �0.1° at an signal-to-noise ratio (SNR) of 9.6 dB.
When the SNR is −10.4 dB, the AOA error is �1.3°, and the chirp rate, measured as 210.2� 1.5 Hz∕ps, has a
standard deviation of 0.7%. The measured chirp rate agrees well with the real LFM signal.
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Measurement of angle-of-arrival (AOA) or equivalently
time-difference-of-arrival (TDOA) of a microwave signal
is of great importance in radio monitoring, electronic
warfare, and radar systems. Conventional methods to
measure the AOA in the electronic domain use digital
sampling of the analog radio signal received by two or
more antennas. The sampled signals are digitally proc-
essed with a proper estimation algorithm to find the
AOA[1]. When processing signals with higher center fre-
quency and larger bandwidth, these methods are facing
difficulties from limited sampling rate, insufficient band-
width of devices, and massive calculation[2,3].
In recent years, several approaches to measure the AOA

of microwave signals using microwave photonics technol-
ogy are proposed[4–6] based on electro-optic modulators and
phase-to-intensity mapping. However, the conversion
from phase to AOA depends strictly on the frequency
of the microwave signal to be measured, and the phase
of a microwave signal is vital and can be easily distorted.
Thus, the measurement error of the AOA using phase-to-
intensity mapping is relatively high. Subsequently, the
center frequency should be known or measured in ad-
vance, which is difficult to achieve for wideband signals.
Besides, several methods have been proposed to mea-

sure the AOA of broadband signals[7–10]. By scanning
the phase of the optical side-band, the measurement errors
in Ref. [9] are about< 2.27° for a 10 GHz single-tone signal
and< 4.45° for 2 GHz broadband signal at 18 GHz. Refer-
ence [10] uses voltage at the output of a dual-drive Mach–
Zehnder modulator (DD-MZM) and a photodetector to
characterize the AOA. The measuring error is about 2°.
For a cooperative measuring system, such as altitude

control or landing guidance of aircraft, further improve-
ment of the measurement precision will benefit the appli-
cation itself[11]. Traditional methods indicate the TDOA or
AOA using phase difference, then convert it to intensity.

Such a conversion route limits the AOA measurement
from better accuracy, due to the phase having a confined
range with finite quantification levels. A new indicator
and photonic implementation method should be explored
to achieve higher accuracy, as well as to meet the band-
width and frequency requirements from practical
applications.

By reviewing methods that can characterize the TDOA
or AOA, the linear frequency modulated (LFM) signal
shows great potential to convert time or angle to fre-
quency for relatively fast measurement and potentially
high speed[12]. Focusing on the AOA measurement of
the LFM signal, we tried to measure the frequency, not
the phase, to improve the AOA measurement accuracy
compared to the conventional method. Two separated an-
tennas receive the LFM signal, and then convert the meas-
uring of the AOA to the measuring of TDOA of the LFM
signal. The key to this measurement is to estimate the beat
frequency between the two LFM replicas and the chirp
rate of the LFM signal simultaneously.

In this Letter, we propose a photonic approach to
achieve this measurement based on a dual-parallel
Mach-Zehnder modulator (DP-MZM) and an asymmetry
Mach-Zehnder interferometer (AMZI) with known differ-
ential delay. The problem of characterizing the AOA and
the chirp rate is transformed to measure the frequency
value of a two-tone signal. By utilizing the frequency,
not the phase, to identify the AOA or TDOA, higher mea-
surement accuracy is obtained. The AOA error of the ex-
periment is about �0.1° at a signal to noise ratio (SNR) of
9.6 dB. It is increased to �1.3° at an SNR of −10.4 dB.
The chirp rate of the LFM signal is also measured and cal-
culated simultaneously, with a well-agreed value of
210.2� 1.5 Hz∕ps at an SNR of −10.4 dB.

Figure 1 shows the schematic diagram of the whole
setup for AOAmeasurement. The AOA processing system
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(PS) (AOA-PS) is illustrated inside the thick frame, which
has two radio frequency (RF) ports (RX-A and RX-B)
connected with two RF antennas, located with a distance
separation of L. The LFM signal comes from a definite di-
rection with an AOA of θ relative to the baseline through
the two antennas. Under the far-field approximation, the
incoming LFM signal can be regarded as a plane wave.
Therefore, the propagation time difference τ from the sig-
nal emitter to both antennas will satisfy

τ ¼ L·cos θ∕c: (1)

This will convert the AOA to TDOA for the AOA-PS.
Further, we could take advantage of the intrinsic fea-

ture of an LFM signal to realize the TDOA measurement.
An LFM signal can be expressed as

sðtÞ ¼ A cos
�
2π

�
f 0t þ

1
2
kt2

��
; (2)

where f 0 is the initial frequency, k is the chirp rate, and A
is the amplitude of the signal. For the LFM signal, the in-
stantaneous frequency changes with time linearly, shown
as the blue line in the time-frequency figure in Fig. 2.
When two replicas of an LFM signal with a certain time

delay τ multiply each other, a constant frequency f at low
frequency can be obtained with proper signal filtering, and
satisfy

f ¼ k·τ: (3)

This multiplication and filtering procedure is called
LFM de-chirp. Accordingly, the measurement of AOA
or TDOA is converted to the measurement of the beat fre-
quency, coming from the low-frequency output port and
digitized by a low-frequency analog-to-digital converter
(ADC), as shown in Fig. 1.
According to Eqs. (2) and (1), we can derive the cosine

of the AOA as

cos θ ¼ f·c∕Lk: (4)

Therefore, the measuring error of AOA θ can be
expressed by

δ cos θ
cos θ

¼ δf
f
þ δk

k
þ δL

L
: (5)

From Eq. (5), we can see that the relative error of cos θ
is largely influenced by the relative measuring error of fre-
quency f , chirp rate k, and baseline length L. For a given
AOA θ, the longer the baseline is, the smaller the error of θ
would be.

The essential function of the AOA-PS is to realize the
multiplication and de-chirp of the two LFM signals from
both antennas using microwave photonic technology. RX-
A and RX-B receive the LFM signal and then drive the
two sub-Mach–Zehnder (MZ) structures of the DP-
MZM in the AOA-PS.

Supposing the time delay between two signals applied
to MZ-A andMZ-B is equal to τ, the modulated RF signals
onto MZ-A andMZ-B are sðtÞ and sðt þ τÞ, respectively[13].
After photo detection and low-pass filtering, the mixed
output can be expressed as

iðtÞ ∝ sðtÞ·sðt þ τÞ �!LPF cos 2π
�
kτt þ f 0τ þ

1
2
kτ2

�
: (6)

In cases where we have fore-knowledge of the chirp rate
k of the LFM signal under test, τ can be achieved
accordingly.

Nevertheless, for most cases, k is unknown, and espe-
cially for moving targets, the received chirp rate k can
be different from the transmitted one due to the Doppler
phase shift. Hence, τ and θ cannot be calculated. Dealing
with this issue, we incorporate an AMZI, which contains
two couplers and two transmission lines with a time delay
ofT0 andTD þ T0, as shown in Fig. 1. The AMZI makes a
time-delayed copy of the input signal and outputs the
combined replicas. The differential delay time TD is mea-
sured and determined beforehand.

Note TA as the transmission time from RX-A to MZ-A.
Note TB as the time from RX-B to MZ-B, except for the
AMZI. The transmission time differences between the two
replicas in link B and link A satisfy

τ1 ¼ TB þ T0 − TA − τ; (7)

τ2 ¼ TB þ T0 þ TD − TA − τ; (8)

where τ is the AOA induced TDOA, satisfying
τ ¼ L·cos θ∕c.

When one LFM signal multiplies with two time-delayed
LFM replicas with τ1 and τ2, two beat frequency compo-
nents of f 1 and f 2 are obtained, as illustrated in Fig. 2.
This is a two-tone signal, of which the differential fre-
quency is directly associated with the chirp rate. The
frequencies satisfy

Fig. 1. Scheme diagram of the proposed approach.
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f 1 ¼ jk·τ1j; f 2 ¼ jk·τ2j: (9)

If τ1 and τ2 are both positive or negative at the same
time, jkj can be calculated and expressed as

jkj ¼ jf 2 − f 1j∕ðτ2 − τ1Þ ¼ jΔf j∕TD: (10)

Unfortunately, if τ1 and τ2 have opposite signs, miscal-
culation will occur for both f and k.
To solve this problem, we manage to elongate link B

between RX-B and MZ-B to satisfy

TR ¼ TB þ T0 − TA > τmax; (11)

where TR is the differential time delay of the two links in
the AOA-PS; τmax ¼ L∕c is the maximum AOA induced
TDOA of the measurement system. By incorporating such
a fixed time delay TR, this inequation ensures a non-
negative τ for any AOA value. This will lead to a frequency
bias for the mixing output of the LFM signals. Then,
Eq. (9) is transformed to

f 1 ¼ jkj·τ1; (12)

f 2 ¼ jkj·τ2: (13)

The validity of Eq. (10) will be kept consequently.
With all of the setup above, it is possible to calculate jkj

and τ simultaneously, since we have two unknown
numbers and two measured results, f 1 and f 2. As the
AOA θ has a definite relationship with TDOA τ, the final
results are

θ ¼ arccosðτ·c∕LÞ ¼ arccos
��

TR −
TD·f 1
jf 2 − f 1j

�
·c∕L

�
:

(14)

Thus, the chirp rate and the AOA are obtained
concurrently.
A proof-of-concept experiment is carried out to verify

the proposed approach. The experimental setup is shown
in Fig. 3.

The whole setup consists of three parts, the LFM signal
generator, which is placed in the red dashed box, the
AOA-PS system, and the ADC frontend, which is an
oscilloscope. In the LFM signal generator, the arbitrary
waveform generator (AWG, Tektronix AWG72000A)
generates both the LFM signal and the noise at a sample
rate of 25 Gbps. Channel 1 generates the LFM signal,
which occupies a bandwidth of 4 GHz, ranging from
2 GHz to 6 GHz. The pulse repetition rate of the LFM
signal is 50 kHz, and the pulse width is 19 μs.

The LFM signal is then attenuated by a variable micro-
wave attenuator (VATT) with an attenuation step of
1 dB and coupled with the noise using an RF coupler.
The noise is digitally generated as Gaussian white noise,
filtered to occupy the bandwidth from 2 GHz to 6 GHz,
and then downloaded to channel 2 of the AWG. The noise
power is fixed so that by changing the VATT, the SNR of
the coupled signal can be easily controlled. Measured by
an RF power meter, the signal power is −5.0 dBm while
the VATT is set to 0 dB, and the noise power is
−14.6 dBm, resulting in the best SNR of 9.6 dB.

The combined signal and noise are then amplified by a
wideband amplifier and divided into two parts using an-
other coupler. The AOA of a signal results in a time delay
between the RX antennas. We use several pieces of RF
cable to emulate such a variable time delay line (VDL)
to generate different AOA states.

In the AOA measurement system, the optical carrier
generated by a CW laser is fed into the DP-MZM (Fujitsu
FTM7961EX). One copy of the noisy LFM signal from the
LFM signal generator drives MZ-A of the DP-MZM. The
other copy is fed into the AMZI and then modulates MZ-B
of the DP-MZM.

The AMZI utilized in the experiment is composed of
two RF couplers and two pieces of coaxial transmission
line. The differential delay of the AMZI is measured
as TD ¼ 4584 ps.

The waveform of the measured signal is digitized by an
oscilloscope (Keysight MSOS804A) at a sampling rate of
200 MSa/s (digitally down-sampled). While the SNR is
9.6 dB (VATT∶ 0 dB), the low-frequency waveform is
shown in Fig. 4(a). The spectrum of the waveform is esti-
mated and shown in Fig. 4(b). Two frequency components

Fig. 2. Frequency-time two-dimensional (2D) image to illustrate
the intrinsic feature of an LFM signal, and the dual-frequency
generation using AMZI for concurrent measurement of TDOA
and chirp rate.

Fig. 3. Diagram of the whole measurement system.
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are obtained in the spectrum at 9.0759 MHz and
10.0403 MHz, with a differential frequency of 964.4 kHz.
The chirp rate is calculated as 210.4 Hz∕ps using

Eq. (10). When decreasing the SNR to −10.4 dB
(VATT∶ 20 dB), the measured waveform [Fig. 4(c)] con-
tains almost only noise. However, the two frequency com-
ponents can still be observed, with a differential frequency
of 943.0 kHz, as shown in Fig. 4(d).
We measure and record the waveform 100 times with a

time interval of about 1 s at each attenuation from 0 dB to
19 dB. Then, we estimate the spectrum, find the differen-
tial frequency between two peak frequency components
in each spectrum, calculate the chirp rate according to
Eq. (10), and then calculate its statistical characteristics.
We illustrate the mean chirp rate and its measurement
error in Fig. 5. The best estimation of the chirp rate under
the highest SNR is k ¼ 210.4 Hz∕ps, while the actual
value is k ¼ 4GHz∕19 μs ¼ 210.5 Hz∕ps according to
the waveform itself, shown in the dash-dot line in Fig. 5.
It is clear that while the SNR decreases, the estimation
of k varies a little, but with larger error. When the

SNR is −10.4 dB, the chirp rate is 210.2� 1.5 Hz∕ps,
where the standard deviation is about 0.7% of the mea-
surement result.

The chirp rate measurement in the previous subsection
only demonstrates the validity of one TDOA status. In the
real AOA measurement scenario, TDOA changes along
with the AOA. Therefore, it is necessary to verify the fea-
sibility of the method for more TDOA status. By inserting
several pieces of transmission line with different time de-
lays in link A, we could emulate different TDOA status, as
well as different AOA conditions.

For each time delay, the beat signal should contain two
frequency components in the spectrum, as shown in
Fig. 6. As the time delay increases, the beat frequency be-
comes higher, while keeping their frequency difference of
964.4 kHz.

Figure 7 shows the measured AOA results with their
errors for different SNRs. At an SNR of 9.6 dB, the mea-
sured AOA values agree well with the initiated AOA val-
ues, as shown in Fig. 7(a). The maximum AOA error is
about �0.1° for the AOA near 0° and 180° and smaller
for the AOA around the perpendicular direction, as shown
in Fig. 7(b).

While the SNR equals −10.4 dB, the measured AOA re-
sults still correspond well with the initiated value, with a
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maximum AOA error of �1.3° for the AOA near 0° and
180°, as shown in Figs. 7(c) and 7(d). It is clear that better
SNR will lead to smaller AOA error.
In the experiment, the range of AOA measurement of

the proposed scheme is from about 5° to 175°. Because
of the cosine relationship between f and θ in Eq. (1),
the error of θ increases rapidly when the AOA gets close
to 0° or 180°.
In summary, we have proposed a photonic approach to

measure the AOA and the chirp rate of an LFM signal
received by two separated antennas. Using a DP-MZM
to mix the LFM signals and using low-speed ADC to digi-
tize the beat frequencies, this approach can obtain the
AOA and the chirp rate simultaneously. In the experi-
ment, the AOA from 5° to 175° with a maximummeasure-
ment error of �0.1° is achieved at an SNR of 9.6 dB,
while it is �1.3° at an SNR of −10.4 dB. The chirp rate
is also estimated, having a well-agreed measurement value
of 210.2� 1.5 Hz∕ps. The result indicates a standard
deviation of about 0.7% of the measured result. The mea-
sured chirp rate agrees well with the real LFM signal. The
measurement can be achieved with only one pulse of the
LFM waveform, of which the time duration varies from
the microsecond level to the millisecond level.
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