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Photonic Frequency Down Conversion Approach to
Measure Microwave Signal Angle of Arrival
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Abstract—This paper presents an angle-of-arrival (AOA) mea-
surement system based on microwave photonic frequency down
conversion. It has the novelty of no LO is needed for the frequency
conversion process. Instead, a ramp waveform is used to shift the
frequency of an optical carrier, which is phase modulated by a
microwave signal in the subsequent stage. Two low-frequency IF
signals are generated after photodetection. The AOA of the incom-
ing microwave signal can be determined by measuring the phase
difference of the two IF signals. Comparing with the previously
reported frequency converter based AOA measurement systems,
the proposed structure does not need a high-frequency tunable
LO source and high-frequency electrical components. Expensive
and bulky equipment such as an electrical spectrum analyser are
not required in the proposed AOA measurement system. Exper-
imental results show AOA measurement of different-frequency
and different-power microwave signals, with small measurement
errors.

Index Terms—Angle of arrival, direction finding, frequency
down conversion, frequency shifter, microwave photonics.

I. INTRODUCTION

I T IS of interest to use microwave photonic techniques to
obtain various microwave signal parameters such as the

amplitude, phase and frequency of a microwave signal. This
arises from the broadband, high-speed and high-resolution ca-
pabilities of microwave photonics [1]. The phase difference of
a microwave signal received by two antennas can be used to
determine the microwave signal angle-of-arrival (AOA), which
has numerous applications in position systems, communication
systems and electronic warfare systems [2]–[4].

Various photonic-assisted AOA measurement techniques
have been reported in the past 25 years. One approach is to design
the system such that the output signal amplitude is dependent on
the phase difference of the incoming microwave signal received
by two antennas [5]–[8]. Therefore, by using devices such as
an optical power meter, an RF power meter or a multimeter
to measure the output signal amplitude, the microwave signal
phase difference and consequently the microwave signal AOA
can be determined. However, the output signal amplitude is
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also affected by the power of the incoming microwave signal.
Hence a calibration procedure is needed or the power of the
microwave signal into the system needs to be measured prior
to AOA measurement. Another AOA measurement approach
is based on using a fibre optic delay line filter to produce
notches in the system output electrical spectrum [9], [10]. The
notch frequency, which is not affected by the power of the
incoming microwave signal, can be used to obtain the microwave
signal phase difference. However, in this case, the microwave
signal AOA measurement range is determined by the microwave
signal bandwidth. A broadband microwave signal is needed in
order to have a wide AOA measurement range. Furthermore,
this approach requires a wideband electrical spectrum analyser
(ESA). The AOA of a microwave signal can also be found by
using an optical phase scanning technique [11], a wavelength
division multiplexing technique [12] and a frequency conversion
technique [13]. These techniques enable the microwave signal
AOA to be measured without knowing the incoming microwave
signal power. However, they are not suitable for use in a long
baseline interferometer antenna system [14] because the mi-
crowave signal received by two antennas are fed into a single
electro-optic modulator, which sets a limit on the antenna separa-
tion. Antennas can be placed in different locations in a frequency
converter based AOA measurement system [15]. This system
is implemented by splitting an LO modulated optical signal
into multiple signals, which are launched into a Mach Zehnder
modulator (MZM) driven by a microwave signal received by an
antenna. Using an electronic phase detector to measure the phase
difference of two down converted low-frequency IF signals
at photodetector outputs, the microwave signal AOA can be
obtained. However, a high-frequency LO source is needed for
the frequency conversion process and its frequency needs to be
changed with the incoming microwave signal frequency.

The aim of this paper is to present a new frequency con-
verter based AOA measurement system without the need of a
high-frequency tunable LO source. The system is designed to
down convert the high-frequency incoming microwave signal
received by two antennas into two low-frequency IF signals.
The IF signals have a phase difference of twice the incoming
microwave signal phase difference, which allows the use of a
low-frequency electronic phase detector to indirectly acquire
the microwave signal phase difference and consequently the
microwave signal AOA. Experimental results show the proposed
AOA measurement system can measure a 0°−81.5° microwave
signal AOA with errors less than ±3°, for 12 to 18 GHz mi-
crowave signal and 0.2 to 0.6 modulation indexes.
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Fig. 1. Frequency converter based AOA measurement system.

II. STRUCTURE AND PRINCIPLE OF OPERATION

The proposed photonic-assisted AOA measurement system
is depicted in Fig. 1. A laser diode generates a continu-
ous wave light, which has an angular frequency of ωo. The
light is launched into a dual-parallel Mach Zehnder modulator
(DP-MZM). The modulator consists of two parallel-connected
single-drive MZMs (MZMA and MZMB) in a main MZM. Each
single-drive MZM has an RF port and a DC port. A microwave
signal received by Antenna 1, which has an angular frequency
of ωm, is fed into the RF port of MZMA. A DC voltage VDC-A

is applied to MZMA DC port. It is used to set MZMA bias point
at the minimum transmission point (MITP) of the modulator
transfer function. As a result, upper and lower microwave sig-
nal modulation sidebands at ωo±ωm are generated at MZMA

output. No microwave signal is applied to MZMB RF port.
A DC voltage VDC-B into MZMB DC port is set to bias the
modulator at the maximum transmission point (MATP). Hence
only an optical carrier is present at MZMB output. A negative
slope ramp waveform with an angular frequency ωs is injected
to the DC port of the main MZM. Injecting a signal into the
DC port of a MZM can be viewed as injecting a signal into a
phase shifter or a low-frequency phase modulator in one arm
of a Mach Zehnder interferometer. It has been demonstrated in
[16], [17] that the frequency of a light wave can be shifted from
f to f-fs when an optical phase modulator is driven by a ramp
waveform with a frequency of fs and an amplitude of twice
the phase modulator half wave voltage. Hence, by designing
the ramp waveform amplitude to be twice the main MZM half
wave voltage, the angular frequency of the optical carrier at
MZMB output is shifted from ωo to ωo−ωs. Therefore, the
output of the DP-MZM consists of a frequency shifted optical
carrier and a pair of microwave signal modulation sideband, as
shown in the inset of Fig. 1. The DP-MZM output is connected
to a phase modulator (PM), which is driven by the microwave
signal received by Antenna 2. As can be seen from Fig. 1, the
microwave signal received by Antenna 2 has a time delay τ
depending on the microwave signal AOA ϕ and the two antenna
separation d. Hence the microwave signal arrived at Antenna 2
has a phase shift θ compared to the microwave signal arrived at
Antenna 1. The microwave signal phase shift is given by

θ=

(
ωmd

c

)
sinϕ (1)

Fig. 2. (a) Phase modulator output spectrum and the FBG reflection spectrum
(blue dotted line). (b) FBG output spectrum, and the magnitude response of
WDM CH1 (black dashed line) and CH2 (red dashed line). WDM (c) CH1 and
(e) CH2 output optical spectrum. (d) PD1 and (f) PD2 output electrical spectrum.
ωo, ωm and ωs are the angular frequencies of the optical carrier, the incoming
microwave signal and the ramp waveform respectively.

where c is the light speed in vacuum. (1) shows the microwave
signal AOA can be determined by measuring the phase shift.

The frequency shifted optical carrier at the angular frequency
ωo−ωs is phase modulated by the microwave signal received by
Antenna 2. This generates a pair of microwave signal modulation
sidebands at ωo−ωs−ωm and ωo−ωs+ωm. The sidebands at
the angular frequencies of ωo±ωm into the PM are also mod-
ulated by the microwave signal into the PM. This generates a
frequency component at the optical carrier frequency ωo. The
optical spectrum after the PM is depicted in Fig. 2(a). The
figure reveals that the PM output has two angular frequency
components at ωo and ωo−ωs, and two pairs of microwave
signal modulation sidebands at ωo±ωm and ωo−ωs±ωm. The
sidebands at ωo−ωs±ωm have a phase shift of θ compared to
that of ωo±ωm. A fibre Bragg grating (FBG) is connected to the
output of the PM. It has a reflection spectrum as shown by the
blue dotted line in Fig. 2(a). It is used to suppress the frequency
components close to the optical carrier. The FBG is followed
by a wavelength division multiplexer (WDM). The magnitude
responses of Channel 1 and 2 of the WDM are shown by the black
and red dashed lines in Fig. 2(b) respectively. The figure shows
the upper and lower sidebands can pass through WDM Channel
1 (CH1) and Channel 2 (CH2) respectively. At each WDM
channel output, there are two sidebands, which have a frequency
difference of ωs as depicted in Fig. 2(c) and (e). Beating of the
two sidebands at a low-frequency photodetector (PD1 and PD2)
generates an IF signal atωs. Fig. 2(d) and (f) depict the IF signals
at PD1 and PD2 outputs have a phase difference of 2θ, which is
twice the phase difference of the incoming microwave signals
received by the two antennas. Since the IF signal frequency
is the same as the frequency of the ramp waveform into the
DP-MZM and the frequency of the ramp can be few tens of
kHz, the two output IF signal phase difference can be measured
using a low-frequency low-cost electronic phase detector. The
incoming microwave signal phase difference and consequently
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the microwave signal AOA can be obtained according to the IF
signal phase difference.

III. ANALYSIS AND DISCUSSION

Referring to Fig. 1, the continuous wave light generated by
the laser diode is intensity modulated by the microwave signal
received by Antenna 1, and MZMA and MZMB are biased at the
MITP and MATP respectively. The electric field at the DP-MZM
output is given by

Eo,DPMZM (t) =
1

2
Ein

√
tff1e

jωot
[−J1(mRF1)e

−jωmt

+e−jωst + J1(mRF1)e
jωmt

]
(2)

where Ein is the DP-MZM input continuous wave light elec-
tric field amplitude, tff1 is the DP-MZM insertion loss, Jn(m)
is the Bessel function of the first kind of order n, mRF1 =
πVRF1/Vπ,MZM is the modulation index of the intensity mod-
ulated optical signal produced by MZMA, VRF1 is the voltage
of the microwave signal received by Antenna 1 and Vπ ,MZM is
MZMA RF port half wave voltage. The frequency components at
ωo-ωm, ωo−ωs, and ωo+ωm shown in (2) are phase modulated
by the microwave signal received by Antenna 2. The electric
field at the PM output can be expressed as

Eo,PM (t) =
1

2
Ein

√
tff1tff2e

jωot

×
[
−J1(mRF1)e

−j(ωmt−ωmT ) + e−j(ωst−ωsT )

+J1(mRF1)e
j(ωmt−ωmT )

]

×
[
J0(mRF2) + J1(mRF2)e

j(ωmt+θ)

−J1(mRF2)e
−j(ωmt+θ) + J2(mRF2)e

j(2ωmt+2θ)

+J2(mRF2)e
−j(2ωmt+2θ)

]
(3)

where tff2 is the PM insertion loss, T is the time delay for the
optical signal travelled from the DP-MZM to the PM, mRF2 =
πVRF2/Vπ,PM is the modulation index of the phase modulated
optical signal produced by the PM, VRF2 is the voltage of the
microwave signal received by Antenna 2 and Vπ ,PM is the
PM half wave voltage. The PM output optical signal passes
through the FBG and the WDM, which suppress the optical
carrier and the unwanted sidebands. WDM CH1 and CH2 output
optical spectrums are depicted in Fig. 3(a) and (b) respectively.
Compared to Fig. 2(c) and (e), Fig. 3 shows WDM CH1 and
CH2 output consists of the unwanted 1st order sidebands, the
residual optical carriers and the 2nd order sidebands, in addition
to the wanted 1st order sidebands. The lower and upper 2nd order
sidebands are far away from WDM CH1 and CH2 passband
respectively. Hence, they are largely suppressed by the WDM
and are not shown in Fig. 3(a) and (b).

The two WDM channel output electric fields can be obtained
from (3). They are given by

Eo,CH1 (t) =
1

2
Ein

√
tff1tff2e

jωot

Fig. 3. WDM (a) CH1 and (b) CH2 output optical spectrum.

×
[
−
√

α2 (ωo − ωm)A−1e
−jωmt +

√
α1A0

+A1e
jωmt +A2e

j2ωmt
]

(4)

Eo,CH2 (t) =
1

2
Ein

√
tff1tff2e

jωot

× [−A−2e
−j2ωmt −A−1e

−jωmt +
√
α1A0

+
√
α2 (ωo + ωm)A1e

jωmt
]

(5)

where α1 represents the amount of suppression at around the
optical carrier frequency introduced by the FBG,α2(ωo-ωm) and
α2(ωo+ωm) represent the amount of suppression at the lower
and upper 1st order sideband introduced by WDM CH1 and CH2
respectively, A0, A±1 and A±2 are the amplitude coefficients of
the optical carrier, the lower and upper 1st order sideband, and
the lower and upper 2nd order sideband respectively, which are
given by

A0 =
[
J0(mRF2)e

−j(ωst−ωsT )

−2J1(mRF1)J1(mRF2) cos(θ + ωmT )] (6)

A±1 =
[
J1(mRF2)e

±jθe−j(ωst−ωsT )

+J0(mRF2)J1(mRF1)e
∓j(ωmT )

−J1(mRF1)J2(mRF2)e
±j(ωmT+2θ)

]
(7)

A±2 =
[
J2(mRF2)e

±j2θe−j(ωst−ωsT )

+J1(mRF1)J1(mRF2)e
±j(−ωmT+θ)

]
(8)

For simplicity, we assume α2(ωo-ωm) = α2(ωo+ωm) =
α2(ωo±ωm). The photocurrent at the IF signal angular fre-
quency ωs at the output of PD1 and PD2 can be found from
(4) and (5). They are given by

IPD1 =
1

2
Pin�tff1tff2J1(mRF1)J1(mRF2)

√
C1

2 + C2
2 cos

(
ωst− ωsT + β/2

)
(9)
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IPD2 =
1

2
Pin�tff1tff2J1(mRF1)J1(mRF2)

√
C1

2 + C2
2 cos

(
ωst− ωsT − β/2

)
(10)

where Pin is the DP-MZM input continuous wave light power,
� is the responsivity of the photodetector, and

C1 = [−J2(mRF2)α2 (ωo ± ωm)

+J0(mRF2) (α2 (ωo ± ωm) + 1)− 2α1J0(mRF2)]

× cos(ωmT + θ) (11)

C2 = [J2(mRF2) (α2 (ωo ± ωm)− 2)

+J0(mRF2) (α2 (ωo ± ωm)− 1)] sin(ωmT + θ) (12)

β = 2tan−1

(
tan(−ωmT − θ)

[
C2

C1

])
(13)

(9) and (10) show the two output IF signals have the same ampli-
tude. They also show the two output IF signal phase difference
is β and is independent to ωsT. Under an ideal situation, the
unwanted 1st order sidebands and the residual optical carriers are
eliminated by the WDM and the FBG, i.e., α1 and α2(ωo±ωm)
are equal to 0, and for a small input microwave signal, the
2nd order sidebands have small amplitudes and can be ignored.
In this case, C2/C1 becomes -1. For an incoming microwave
signal angular frequency that results in ωmT to be an integer
multiple ofπ, the IF signal phase difference β becomes twice the
incoming microwave signal phase difference 2θ as was discussed
in Section II. For the case where ωmT is not an integer multiple
of π, the incoming microwave signal phase difference can be
obtained using (13) together with the system output IF signal
phase difference and the incoming microwave signal angular
frequency ωm. As with most reported AOA measurement sys-
tems, the incoming microwave signal angular frequency needs
to be known in order for the proposed structure to determine the
microwave signal AOA.

According to (1), when the two antennas have a half wave-
length separation, the estimated microwave signal AOA be-
comes ϕ = sin−1(θ/π). Since the IF signal phase difference
is β = 2θ, the microwave signal AOA can be obtained from
the IF signal phase difference i.e., ϕ = sin−1(β/2π). Hence, the
estimated microwave signal AOA can be written as

ϕ= sin−1

⎛
⎝ tan−1

[
− tan (θ) C1

C2

]
π

⎞
⎠ (14)

(14) shows the present of the residual optical carriers and the
unwanted 1st and 2nd order sidebands cause the estimated AOA
to deviate from the actual AOA of sin−1(θ/π). Fig. 4(a) shows the
difference between the estimated AOA and the actual AOA for
different amounts of unwanted 1st order sideband suppression
α2(ωo±ωm). A carrier suppression of 35 dB, i.e., α1 =−35 dB,
was used in the simulation, which can be achieved by using a
dense wavelength division multiplexing (DWDM) FBG [18]. As
shown in Fig. 4(a), the unwanted 1st order sidebands need to be
suppressed by more than 15 dB to ensure less than 1° difference
between the estimated and actual AOAs. (14) also shows the

Fig. 4. Simulated difference between the estimated and actual AOA versus the
actual AOA for (a) different amounts of unwanted 1st order sideband suppression
while mRF2 = 0.15, and (b) different phase modulated optical signal modulation
indexes while α2(ωo±ωm) = −25 dB.

estimated AOA is dependent on the phase modulated optical
signal modulation index mRF2. Fig. 4(b) shows the difference
between the estimated AOA and the actual AOA for different
modulation indexes mRF2. It can be seen from the figure that
the modulation index that results in the smallest difference
between the estimated and actual AOA is 0.15. For mRF2<0.15,
the 1st order sidebands have small amplitude and hence the
residual carriers have more effect on the output IF signal phase
difference. This causes the estimated AOA to be different from
the actual AOA. For mRF2>0.15, the effect of the 2nd order
sidebands on the output IF signal phase difference increases,
which increases the difference between the estimated and actual
AOA. The estimated and actual AOA difference is within ±1°
when the modulation index is less than 0.5. Note from Fig. 4
that the difference between the estimated and actual AOA is
maximum when the actual AOA is 54.5°.

A digital phase detector (DPD) based on a field-
programmable gate array (FPGA) can be used to measure
0°−360° phase difference of the two low-frequency IF signals
[19], [20]. Since the phase difference of the IF signal is twice
the phase difference of the microwave signal received by two
antennas and a DPD can detect a phase difference of 0° to
360°, a microwave signal phase difference of 0° to 180° can
be detected. This corresponds to a 0°-90° AOA measurement
range. A DPD can be designed to have a high resolution of 1°.
Hence, using a DPD to measure the phase difference of the two
output IF signals in the proposed structure, a microwave signal
phase difference with a resolution of 0.5° can be determined.
The phase detection performance of a DPD is not affected by
change in the input signal power. Hence changing the power
of the microwave signal received by the antennas, which alters
the photodetector output IF signal power, has no effect on the
AOA measurement. This solves the incoming microwave signal
power dependent AOA measurement problem in the reported
AOA measurement systems [5]–[8]. A DPD is compact and low
cost compared to an ESA or an oscilloscope used in the reported
AOA measurement systems [9]–[11], [13].

The proposed AOA measurement system does not require
any high-frequency electrical component. Its upper operating
frequency is limited by the optical modulator bandwidth. DP-
MZMs with over 40 GHz bandwidth and low insertion loss of
below 4 dB are commercially available. The lower operating
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Fig. 5. Frequency converter based AOA measurement system experimental setup. PC: polarisation controller; EVA: electrical variable attenuator; SG: signal
generator; EPS: electrical phase shifter; OA: Optical amplifier; EA: electrical amplifier; LPF: lowpass filter. Inset is the photo of the experimental setup showing
the components inside the green dotted box.

frequency of the proposed AOA measurement system is deter-
mined by the 3 dB reflection spectrum width of the FBG used for
suppressing the optical carrier. A DWDM FBG with a narrow
12.5 GHz 3 dB reflection spectrum width and over 35 dB stop-
band rejection [18] can be employed in the frequency converter
based AOA measurement system to largely suppress the optical
carrier while passing the microwave signal modulation sideband
of around 6 GHz away from the optical carrier. The edge roll-off
of a standard WDM magnitude response is around 100 dB/nm.
This limits the amount of unwanted 1st order sideband suppres-
sion to less than 8 dB for an input microwave signal with a
frequency below 10 GHz. This causes large difference between
the estimated and actual AOAs as shown in Fig. 4(a). In order
to ensure the proposed system can operate at low frequencies
of, for example, 6 GHz with small AOA measurement errors,
several low-cost thin film optical filters with the same centre
frequency as the WDM channel frequency can be connected at
the WDM channel output to increase the sharpness of the overall
magnitude response edge. It has been demonstrated in [21] that
a 403 dB/nm edge roll-off bandpass filter magnitude response
can be realised by cascading three low-cost thin film optical
filters. Hence the frequency converter based AOA measurement
system can be operated from 6 to 40 GHz using commercial
off-the-shelf components.

IV. EXPERIMENTAL RESULTS

Fig. 5 shows the experimental setup to demonstrate the pro-
posed AOA measurement system. A tunable laser was used
as an optical source (Keysight N7711A). It generated a 15.6
dBm continuous wave light, which passed through a polarisation
controller (PC), into a Sumitomo 20 GHz bandwidth DP-MZM.
A network analyser (Keysight E5063A), a microwave signal
generator (Hittite HMC-T2220) and various electrical compo-
nents inside the red dotted box in Fig. 5 were used to generate
two microwave signals with an adjustable phase difference. They
are not required in the actual AOA measurement system. A 15

GHz microwave signal from the microwave signal generator
was equally spilt into two via a 90° hybrid coupler. The two
microwave signals passed through an electrical phase shifter
(EPS) and an electrical variable attenuator (EVA) before being
applied to MZMA inside the DP-MZM and an EOSpace 20
GHz bandwidth PM connected to the DP-MZM output. The
EVA and the EPS were used to control the amplitude and
the phase difference of the two microwave signals respectively.
The network analyser was used to measure the phase difference
of the microwave signals into the DP-MZM and the PM. MZMB

RF port was connected to a 50 Ω terminator. A waveform
generator (Rigol DG4102), which generated a 50 kHz ramp
waveform, was connected to the DC port of the main MZM
in the DP-MZM. The amplitude of the ramp waveform was
set to be two times the half wave voltage of the main MZM,
which is 5.95 V, to shift the frequency of the optical carrier
travelled in the bottom path of the main MZM and to ensure
the spurious components generated by the frequency shifting
process are more than 30 dB below the frequency shifted
optical carrier. A dual-output power supply was employed to
set MZMA and MZMB bias points at the MITP and MATP
respectively. As an FBG was not available, the optical carrier
was suppressed by a WaveShaper (Finisar WS-04000A), which
was programmed to have a notch filter magnitude response with
the notch frequency at around the optical carrier frequency.
The WaveShaper was followed by an optical amplifier (OA) to
amplify the optical signal power to 11 dBm before launching into
a four-channel WDM. The wavelength of the continuous wave
light from the tunable laser was adjusted to 1550.72 nm so that
the optical carrier was located at the midpoint of WDM CH33
and CH34.

The PM and the OA output optical spectrums are shown
in Fig. 6(a) and (b) respectively. The figures also show the
normalised notch filter magnitude response produced by the
WaveShaper, and the normalised magnitude responses of WDM
CH33 and CH34. As shown in Fig. 6(b), WDM CH33 magni-
tude response has a gradual edge roll-off compared to WDM
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Fig. 6. Optical spectrums measured at the output of (a) the PM, (b) the OA,
(c) WDM CH33 and (d) WDM CH34 for 0.2 (black), 0.4 (green) and 0.6 (red)
modulation index. Magnitude responses of the WaveShaper (black dashed line),
WDM CH33 (pink dashed line) and WDM CH34 (orange dashed line).

Fig. 7. Measured IF signal waveforms at the output of PD1 (black) and PD2

when the two input microwave signals have 0° (cyan), 22.5° (blue), 45° (green),
67.5° (red) and 90° (pink) phase difference.

CH34. This limits the amount of suppression in the lower 1st
order sidebands at WDM CH33 output. In order to obtain large
unwanted 1st order sideband suppression at both WDM CH33
and CH34 outputs, the WaveShaper magnitude response was
programmed to make the frequency of the notch slightly away
from the optical carrier as shown in Fig. 6(a). Fig. 6(c) and (d)
show the residual carriers at WDM CH33 and CH34 output are
more than 31.5 dB and 24.5 dB below the wanted 1st order
sideband respectively for a modulation index of more than 0.2.
The figures also show, for a 15 GHz microwave signal into the
modulators, the unwanted 1st order sidebands at WDM CH33
and CH34 outputs have almost the same amount of suppression
by the WaveShaper and the WDM, which are 27.8 dB and 27.4
dB respectively. As shown in Fig. 6(c) and (d), the amplitude
of the 2nd order sideband on the same side of the wanted 1st
order sideband is higher than the unwanted 1st order sideband
and residual carrier amplitudes. Thus, this is the main factor

Fig. 8. Measured IF signal phase difference versus the phase difference of
the input microwave signal for (a) 0.2, (b) 0.4 and (c) 0.6 modulation index.
(d) IF signal phase difference measurement in a 0° to 10° input microwave
signal phase difference range.

that causes the IF signal phase difference to deviate from twice
the input microwave signal phase difference. Nevertheless, its
effect on the IF signal phase difference is small as it is over 20
dB below the wanted 1st order sideband for a modulation index
of less than 0.6.

The optical signals at WDM CH33 and CH34 outputs were
detected by two photodetectors, which generated two IF signals
at 50 kHz. The two output IF signal waveforms, when a 15
GHz microwave signal into the modulators, were measured on a
four-channel 100 MHz bandwidth oscilloscope (Keysight DSO-
X2014A). Fig. 7 shows the IF signal waveform measured at PD1

output (black line), which is referred to as a reference (Ref)
waveform, remains unchanged, but the phase of the IF signal
waveform measured at the output of PD2 changes, when the EPS
is adjusted to alter the input microwave signal phase difference.
The coloured lines in Fig. 7 show the waveforms measured at
PD2 output when the input microwave signal phase difference
changes from 0° to 90° with a step of 22.5°. The figure reveals
the corresponding phase difference of the two output IF signals
are 0°, 45°, 90°, 135° and 180°. This verifies the phase difference
of the two output IF signals is twice the input microwave signal
phase difference.

The output of each photodetector was connected to a DC
block, a DC to 1 MHz bandwidth electrical amplifier and a 50
kHz lowpass filter (LPF) as shown inside the green dotted box
as well as the photo in the inset of Fig. 5. The two LPF outputs
were connected to a FPGA based DPD, which had an LCD
display showing the frequency and the phase difference of the
two input signals. The DPD used in the experiment can measure
the phase difference of the two input signals with amplitudes
between 0.1 to 5 V. It has a resolution of 0.1°. The EPS at the PM
input was adjusted to introduce a phase difference between the
microwave signal into the two modulators. Fig. 8(a) illustrates
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TABLE I
COMPARISON BETWEEN THE REPORTED AND PROPOSED AOA MEASUREMENT SYSTEMS

DD-MZM: Dual-Drive MZM; DPol-MZM: Dual-Polarisation MZM; DP-MZM: Dual-Parallel MZM; PM: Phase Modulator.

Fig. 9. (a) Estimated AOA versus actual AOA for 0.2, 0.4 and 0.6 microwave
signal modulation indexes, and (b) the corresponding AOA measurement errors.

the IF signal phase difference measured on the DPD is twice
the phase difference of the input microwave signal. Fig. 8(d)
shows the IF signal phase difference is changed by around 2°
for every 1° microwave signal phase difference change. A 1°
change in the microwave signal phase difference in a 0°−10°
microwave signal phase difference range corresponds to <0.4°
change in the microwave signal AOA. This indicates that the
proposed structure has high resolution microwave signal AOA
measurement capability. Fig. 8(b) and (c) show the IF signal
phase difference measurement when the modulation index was
increased to 0.4 and 0.6 respectively. As shown in the figures, the
relationship of β = 2θ holds for different modulation indexes,
which demonstrates the important advantage of input microwave
signal power independent AOA measurement performance.

The measured IF signal phase differences shown in Fig. 8
were used to obtain the estimated AOAs, which are depicted in
Fig. 9(a). The AOA measurement error, which is the difference
between the estimated and actual AOA, is depicted in Fig. 9(b).
The figure shows the proposed structure can determine the
microwave signal AOA with errors within −2.7° to 1° in a 0° to
81.5° AOA measurement range for 0.2, 0.4 and 0.6 modulation
indexes. Large AOA measurement errors for a microwave signal
AOA close to 90° is because the microwave signal AOA ϕ and
the microwave signal phase difference θ has a relationship of
ϕ = sin−1(θ/π). Therefore, changing a microwave signal phase
difference from 179° to 180° results in an AOA changes from 84°
to 90°. Hence, a small measurement error for an IF signal phase
difference of around 360° will lead to a large AOA measurement
error. Note that several reported AOA measurement systems

Fig. 10. AOA measurement error versus actual AOA for different frequency
microwave signals into the AOA measurement system.

show the ability of measuring microwave signal AOA with
errors of less than ±2° [7], [8], [13]. However, the small AOA
measurement errors are obtained in a small AOA measurement
range, these AOA measurement systems cannot be used in a long
baseline interferometer antenna system, and/or an expensive
and bulky ESA is needed to measure the microwave signal
AOA. To show the frequency converter based AOA measurement
system is capable to operate at various input microwave signal
frequencies, the IF signal phase difference measurement shown
in Fig. 8 was repeated for a 12 GHz and 18 GHz input microwave
signal frequency while the microwave signal modulation index
was kept at 0.4. Fig. 10 shows the AOA measurement errors
obtained from the measured IF signal phase differences. The
figure reveals that, for different input microwave signal frequen-
cies, the AOA measurement errors remain below ±2° in a 0°
to 81.5° AOA measurement range. A comparison between the
reported and proposed AOA measurement systems is shown in
Table I. This shows the proposed AOA measurement system
has the advantages of not requiring high-frequency electrical
component, suitable for use in a long baseline interferometer
antenna system, using low-cost low-frequency DPD for AOA
measurement, and having an input microwave signal power
independent AOA measurement capability.

V. CONCLUSION

A frequency converter based AOA measurement system has
been presented. The system is based on down converting a
high-frequency microwave signal received by two antennas into
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two low-frequency IF signals. Using a low-frequency low-cost
DPD to measure the phase difference of the system output IF
signals, the incoming microwave signal phase difference and
consequently the AOA can be determined. Instead of using
a traditional high-frequency tunable LO source, a fixed low-
frequency ramp waveform is used for the frequency conversion
process. No high-frequency electrical component is needed and
hence the proposed structure has a wide operating frequency
range. The effect of the residual carrier and the unwanted 1st
and 2nd order sidebands on the AOA measurement system
performance have been investigated. An experiment has been set
up to measure the phase difference of two IF signals at the output
of the proposed frequency converter based AOA measurement
system. Results demonstrate the microwave signal AOA can be
accurately measured with less than ±3° measurement errors in
an AOA measurement range of 0°−81.5°, for different frequency
and different power input microwave signals.
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