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We propose and experimentally demonstrate a photonic approach to estimate the time-difference-of-arrival
(TDOA) and the angle-of-arrival (AOA) of a microwave signal. TDOA and AOA are estimated from the
carrier power difference of the two outputs of the Mach-Zehnder modulator (MZM) using only one dual-
drive 1×2 MZM. Experimentally, the TDOA of a microwave signal at 3 GHz from 27.78 to 166.67 ps is
measured with maximum measurement errors of ±2.24 ps; correspondingly, the AOA from 60◦ to 85.2◦ is
measured with maximum measurement errors of ±0.4◦.
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Microwave receivers for radar and other electronic war-
fare applications require the capability to estimate the
instantaneous frequency, pulse width, angle-of-arrival
(AOA), and modulation format of an unknown mi-
crowave signal over a wide bandwidth. Conventional
techniques used to measure these parameters are bulky,
limited in bandwidth, and suffer from electromagnetic
interference. Photonics offer many advantages in pro-
cessing microwave signals because it has an intrinsic fea-
ture of wide instantaneous bandwidth, which is suitable
for the generation, transmission, control, and process-
ing of wideband microwave signals[1−4]. Recent studies
have proposed a number of approaches for frequency
estimation measurement[5−10], spectral analysis[11], and
up/down-conversion of wideband microwave signals[12].

However, to date, only a few approaches have mea-
sured the critical parameters, such as the AOA and the
time-difference-of-arrival (TDOA)[13,14]. In Ref. [13],
the phase shift estimation relied on a Mach–Zehnder
interferometer combined with spatial-spectral (S2) ma-
terials. Through the spectral analysis function of the
S2 materials, the high resolution optical spectrum is
obtained, through which different powers are detected
in the sidebands related to the phase of the radio fre-
quency (RF) signals and the time delay information. In
Ref. [14], the microwave signals are received by a cascade
of two Mach–Zehnder modulators (MZMs), and TDOA
and AOA are equivalently converted into a phase shift
between two replicas of the received signals at two mod-
ulators. Through proper biasing of the two MZMs, the
total optical power of the carrier wavelength at the out-
put is obtained as a function of phase shift. However,
the perturbations of fiber length between the two MZMs
are influenced by the environment.

In this letter, a novel photonic AOA and TDOA mea-
surement scheme is proposed. In our scheme, TDOA and
AOA are calculated from the phase shift of the two copies
of a microwave signal which are modulated onto the two
arms of the dual-drive 1×2 MZM. The phase shift is a
function of the average carrier power difference of the two

outputs of MZM, which is received by a balanced photo
detector (BPD), and calculated from the direct current
(DC) component of the photo current. The phase shift
is estimated through the optical power in Ref. [14], so
these two schemes are essentially different. The key sig-
nificance of the proposed scheme is the use of only one
MZM, which makes the system compact, stable, and in-
expensive. Moreover, signal processing (DC component
extraction) can be simply implemented by an integrator,
which is favorable for real-time operation.

The proposed approach is schematically shown in
Fig. 1. The system consists of a continuous wave
(CW) laser, a dual-drive 1×2 MZM, a BPD, a filter,
and an integrator. The microwave signals with phase
difference (i.e., ϕ) are received by antennas, amplified
to a predefined power level, and then modulated onto
the two arms of the MZM. In the MZM, the CW laser
is first split into two parallel paths and phase modu-
lated by the two copies of the received signal whose
phase difference is dependent on AOA. The two light
paths are then recombined to interfere with each other
at the output of the 1×2 MZM, which is equivalent
to a 2×2 coupler. The power difference at the car-
rier wavelength is a function of the phase shift be-
cause of the phase difference between the two phase-
modulated components. Thus, the phase shift can be
estimated, and TDOA and AOA can be measured by
equally detecting the power at the carrier wavelength,

Fig. 1. Schematic of the proposed approach. Inset: illustra-
tion of TDOA and AOA. LPF: low-pass filter.
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such as the DC component of the BPD’s photo current.
MZM is biased to ensure that one optical path is at the
minimum transmission point, whereas the other output is
complemented to maximize the carrier power difference
at BPD.

The signals received by an antenna array experience a
RF delay, which depends on the angle of the RF wave-
front. The relationship between AOA and TDOA follows
that described in Ref. [14], which is shown in the inset
of Fig. 1. Assuming that AOA is θ, TDOA is given by
τ=dcos θ/c, where d is the distance between the two re-
ceiving antennas and c is the light velocity in vacuum.
An equation related to TDOA, AOA, and the frequency-
dependent phase shift ϕ, is given by

ωτ = ϕ + 2kπ, θ = cos−1(τc/d), (1)

where ω is the angular frequency of the microwave sig-
nal. Assuming an ideal 50/50 input and output couplers
of the 1×2 MZM, the output optical signals with electric
fields Eout1 and Eout2 related to the input optical electric

field E
[15]
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where β1sin(ωt) and β2sin(ωt) are the signals modulated
onto the two arms, β1 and β2 are the modulation depths,
ϕ is the phase difference between the microwave signal
at each port, and φdc is the phase shift induced by the
bias. The output field can be further expressed as
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Through the detection of these signals with a BPD, the
component of the output current is found to be propor-
tional to

iout ∝ cos
[

β1 sin(ωt) − β2 sin(ωt + ϕ) + φdc

]

= cos
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]

.
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After the narrow band filter and the integrator, only
the DC component of the photo current is outputted;
the other frequency elements in Eq. (4) are averaged
out to zero in the integrator, where A=β1−β2cosϕ and
B = −β2sin ϕ. The DC component is as

iDC ∝ cos (φdc)
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where Jm is the mth-order Bessel function of the first
kind. According to the addition theorem of Bessel func-

tions, the integrator DC output is given by
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The two signals are amplified to predefined power lev-
els before feeding into the MZM, so β1 and β2 are known.
The output current of the integrator is a function of the
phase shift, so the phase shift can be estimated by mea-
suring the DC component of the output from BPD. In
addition, TDOA and AOA can be calculated based on
Eq. (1). The bias point of MZM also affects the measur-
ing result in Eq. (6), so we choose the bias point where
one optical path is at the minimum transmission and the
other is at the maximum, in which case the output DC
is maximized and the control of bias can be carried out
by simply monitoring the maximal or minimal optical
power at the outputs in the absence of RF modulation.
The calculation of phase shift is a little complex and a
bias control is needed. We use the bias-control circuit
to stabilize the bias point of modulation to effectively
compensate for the mechanical and temperature fluctu-
ations. Thus, the DC bias of MZM is stabilized.

To verify the proposed approach, an experiment is
performed. As shown in Fig. 2, the laser source is set
at 1 550 nm with an output power of 5 mW. Given the
weak polarization isolation, a polarization beam split-
ter (PBS) is used before the modulator to ensure that
the dual-drive MZM (EOspace) works at the principle
state of polarization. The RF signal is generated by a
RF signal generator (Anritsu MG3694B). The signal is
then equally divided into two channels: the first channel
directly enters through one port of MZM and the sec-
ond is inputted into a phase shifter, which changes the
phase difference between the two channels. Finally, the
RF signal is applied to drive the MZM. In the receiv-
ing unit, the balanced detector is utilized to obtain the
difference of the carrier powers. Integration is applied
to the digitized data, so an oscilloscope (OSC) is used as
an integrator to obtain the DC component of the BPD’s
output. The internal low-pass filter (LPF) with a band-
width of 20 MHz is employed to eliminate aliasing and
interference from high frequencies.

In the experiment, a phase shift between two replicas
of a microwave signal at 3 GHz is applied to the different
microwave input ports of the MZM to emulate the change
of the TDOA and the AOA. Due to the lack of microwave
amplifiers, the input powers are measured by a power
meter to calculate the modulation levels, instead of am-
plifying them to a predefined power. The phase shift is
tuned at a step of 7.2◦ from 30◦ to 180◦ using a manually
variable polarization splitter (PS), which can display the
value of the phase shift. The above phase shift range is
the maximum of our (PS), which can be optimize using
a better PS. The output signal of BPD is averaged many
times in a large sampling time by an OSC. Therefore,
the DC component (integral of the data from OSC) of
the BPD output that has a fixed relationship with the
phase shift is digitized.

The measured DC magnitudes corresponding to
different phase shifts are shown in Fig. 3. The theo-
retical magnitude distribution as a function of the phase
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Fig. 2. Experimental setup of the proposed system. PC: po-
larization controller.

Fig. 3. Experimental results (circles) and theoretical trend
for the total direct current (dashed line).

Fig. 4. Measured phase shifts (dots) and the corresponding
measure errors (vertical bars) versus the initial phase shift.

shift is also shown (dashed line). The experimental
data agree well with the theoretical predictions. The
measured phase shifts and the measurement errors are
shown in Fig. 4. The measurement errors are less than
±2.42◦ within the range of 30◦ –180◦. The results are
close to that in Ref. [14], which demonstrates a phase
shift from –160◦ to 40◦ with measurement error less than
±2.5◦. The phase error plotted in Fig. 4 is the difference
between the experimental results and the theoretical re-
sults. In practical application, a PS is not needed. This
phase shift is induced by the AOA of a microwave signal.
After measuring the DC, the phase shift can be obtained
based on Fig. 4.

TDOA and AOA can be calculated from the estimated
phase shifts based on Eq. (1). We use d=0.1 m. The
effective measurement range of TDOA is from 27.78 to
166.67 ps, which can be obtained from the estimated
phase shifts. The measurement errors for TDOA are
±2.24 ps. AOA can be obtained from the values of

TDOA, which ranges from 60◦ to 85.2◦. The measure-
ment errors for AOA are less than ±0.4◦. A trade-off
between the AOA measurement error and range can be
obtained by varying the distance between the two anten-
nas. Higher accuracy can be obtained by increasing d.

In the proposed AOA measurement system, knowledge
of microwave signal frequency is critical. This infor-
mation can be provided by the photonic instantaneous
frequency measurement techniques to perform frequency
measurement and AOA estimation[7,14].

In conclusion, a novel photonic approach to measure
the TDOA and the AOA of a microwave signal is pro-
posed and experimentally demonstrated using only one
dual-drive 1×2 MZM. The proposed system has a sim-
ple structure and exhibits stable performance. The two
copies of the received microwave signals are modulated
onto the same MZM, so the perturbation in optical length
will not affect the measurement results. Moreover, the
compactness of the proposed scheme enables the reduc-
tion of size, weight, and power of the whole system. In
our experiment, the phase shift from 30◦ to 180◦ is mea-
sured at 3 GHz with a maximum error of ±2.42◦. The
corresponding range and maximum error of AOA are 60◦

to 85.2◦ and ±0.4◦, respectively.
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