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Abstract: A new dual-function photonic microwave signal processing structure that has the
ability to realize both frequency up/down conversion and RF/IF phase shifting, is presented.
In the proposed signal processor, a dual-polarization dual-parallel Mach Zehnder modulator
(DP-DPMZM) is used to generate an orthogonally polarized single RF/IF signal and local
oscillator (LO) modulation sideband without an optical carrier. The optical phase difference
between the two sidebands can be controlled by controlling a DC voltage applied to a LiNbO3
electro-optic phase modulator that is connected after the DP-DPMZM. Beating between the
two sidebands at a photodetector generates an RF/IF signal with a phase equal to the optical
phase difference between the IF/RF signal and LO sidebands. The dual-function photonic
microwave signal processor has a wide bandwidth and does not require a precise control
of the laser wavelength. Experimental results demonstrate that a flat >−3 dB down/up
conversion efficiency is achieved for an RF signal from 3.5 to 26.5 GHz and for an IF signal
from 0.5 to 3 GHz, and a full 360° continuous phase shift of the output IF/RF signal.

Index Terms: Analog optical signal processing, microwave, fiber optics communications,
radio frequency photonics.

1. Introduction
Phased array antennas have applications in meteorology [1], wireless communications [2] and radar
[3] due to the advantages of multi-target tracking, ultrafast scanning and accurate beamforming. A
phased array beamforming system usually consists of a number of phase shifters [4], to introduce
different phase shifts to the microwave signals sent to or received from the antenna elements to
enable beam scanning. Conventional microwave phase shifters are implemented by using switches
[5], which cannot realize continuously tunable phase shifts, or adjustable waveguides [6], which
has a limited response time. A typical transceiver/receiver phased array system also has mixers
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for frequency up/down conversion [7]. Conventional microwave mixers have the problems such as
limited bandwidth, low channel isolation and susceptible to electromagnetic interference.

The problems existing in a conventional electrical phase shifter and mixer can be solved by using
photonics solutions [8]. Various techniques to implement microwave photonic phase shifters [9]–[12]
and mixers [13]–[18] have been reported. However, until now there are only few structures that can
realize both frequency conversion and phase shifting [17], [18]. The signal processor presented in
[17] relies on the use of an optical filter to select only one sideband while suppressing the optical
carrier and the other sideband. This technique requires that the wavelength of the laser source is
precisely controlled to ensure that the unwanted carrier and the sideband to be filtered out by the
optical filter. In addition, the processor presented in [17] has a limited operating bandwidth. This is
due to a practical optical filter has a limited edge roll-off factor and hence the remaining sideband
close to the optical carrier is partially or fully suppressed. This limits the lower frequency of the input
RF signal, which is the reason why frequency down conversion of an RF signal was demonstrated
with a relatively large lower frequency of 12 GHz. This also prevents the signal processor from
being used for frequency up conversion. This is because the input IF signal in a transmitter for up
conversion has low frequencies [19] and hence when the IF signal modulation sidebands are close
to the optical carrier, they will be suppressed by the optical filter. Although the microwave photonic
mixer given in [18] can be used for both frequency up and down conversion, the input RF/IF signal
and LO are presented in the mixer output port when the optical carrier beats with the sidebands at
the photodetector. The low isolation between the input and output ports is a problem [20] especially
when the mixer is operating in the up conversion mode because the high-power LO is close to the
up-converted RF signal. Furthermore it requires adjusting the bias voltages of two Mach Zehnder
modulators to realize the phase shifting operation, which alters the mixer nonlinearity performance.
Moreover the mixer is limited to sub-octave operation and has low conversion efficiency.

In this paper, we present a new photonic microwave signal processor that can overcome the afore-
mentioned problems to enable both wideband frequency up and down conversion to be performed
in the same structure. The signal processor can also realize a continuous 0°–360° IF/RF signal
phase shift using only a single DC voltage control. The proposed dual-function photonic microwave
signal processor is analyzed and experimentally demonstrated. Frequency down conversion of an
RF signal from 3.5–26.5 GHz into 0.5–3 GHz and up conversion of an IF signal from 0.5–3 GHz to
3.5–26.5 GHz are achieved. The conversion efficiency of the mixer is also measured in both cases,
which are around −2 dB with <2 dB ripples over the entire operating bandwidth. A 0°–360° phase
shift on the down-converted IF signal and up-converted RF signal with almost no change (<2 dB)
in the signal amplitude are also demonstrated.

2. Operation Principle
Fig. 1 shows the schematic of the proposed dual-function photonic microwave signal processor. A
continuous wave (CW) light generated by a laser source is sent to a DP-DPMZM. A DP-DPMZM
consists of two DPMZMs connected in parallel with a 90° polarization rotator in one of the DPMZM
outputs. The RF/IF signal for down/up conversion is applied to the bottom DPMZM and the LO is
applied to the top DPMZM. The two DPMZMs are biased in the way to generate only one sideband
with the optical carrier being suppressed. This is done by biasing the two sub MZMs inside a DPMZM
at the minimum transmission point, and biasing the main MZM at the quadrature point to introduce
90° optical phase difference between the two sub MZM outputs [21]. DP-DPMZMs are commercially
available [22]. A commercial DP-DPMZM bias controller [23] can be used to simplify the modulator
bias control and to ease the modulator bias drift problem. At the output of the DP-DPMZM, two
orthogonally polarized sidebands are generated with one being the RF or IF signal modulation
sideband at fc + fRF or fc − f IF , and the other being the LO modulation sideband at fc + fL O , where
fc, fRF , f IF and fL O are the carrier, RF signal, IF signal and LO frequency, respectively. The two
sidebands that are orthogonally polarized pass through a LiNbO3 electro-optic phase modulator.
By applying a DC voltage to the phase modulator, two different optical phase shifts are introduced
to the two sidebands. A polarizer with its principal axis aligned with an angle of 45° relative to the
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Fig. 1. (a) Schematic diagram of the dual-function photonic microwave signal processor for frequency
up/down conversion and phase shifting. (b) Structure of the integrated DP-DPMZM. PM: phase modu-
lator, Pol: polarizer, PD: photodetector, PBC: polarization beam combiner.

Fig. 2. Dual-function photonic microwave signal processor for use in a phased array antenna system
operating in transmit mode. PM: phase modulator, Pol: polarizer, PD: photodetector.

principle axis of the phase modulator is used to make the two orthogonally polarized optical signals
to have the same polarization state before detecting by a photodetector (PD). The two signals will
beat at the photodetector, which generates electrical signals with the frequencies be the sum and
difference between the RF/IF signal and LO frequencies.

In the case of frequency down conversion, a high-frequency input RF signal at fRF is down
converted to a low-frequency IF signal (f IF = fRF − fL O ). Similarly, a low-frequency input IF signal
at f IF is up converted into a high-frequency RF signal (fRF = f IF + fL O ) for frequency up conversion.
The phase of the output IF/RF signal is determined by the optical phase difference between the
RF/IF signal and LO modulation sidebands, which can be controlled by a DC voltage into the
LiNbO3 electro-optic phase modulator. Note that the output IF/RF signal phase shifting operation
is performed in a LiNbO3 electro-optic phase modulator, which is separated from input signal
modulation. This is suitable for a phased array antenna system operating in the transmit mode in
which each antenna element is connected to a phase modulator to control phase of the signal
in each channel, and to ultimately control the direction of the radiation pattern. Fig. 2 shows the
dual-function photonic microwave signal processor used for up converting a low-frequency IF signal
into a high-frequency RF signal, which is transmitted via an antenna array where the beam direction
is steered by controlling the phase differences of the multi-channel RF signals radiated from the
antenna elements.
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In the signal processor shown in Fig. 1, the single sideband suppressed carrier (SSB-SC) mod-
ulation is implemented using a DPMZM with the assistant of a 90° hybrid coupler. Since no optical
filter is used to filter out one sideband, the signal processor is not sensitive to the change in the laser
wavelength, which enables the signal processor to operate over a wide input RF signal frequency
range when it is used for frequency down conversion. More importantly, the processor can also be
used for frequency up conversion in which the DPMZM driven by a low-frequency IF signal can
produce an IF signal modulation sideband, which is very close to the optical carrier. The operating
frequency and bandwidth of the dual-function photonic microwave signal processor are determined
by the 90° hybrid coupler bandwidth. 90° hybrid couplers with a wide bandwidth of e.g., 4−40 GHz
are commercially available from manufacturers such as Marki Microwave. This enables the sig-
nal processor to be used in an electronic warfare system covering a frequency range from 4 to
40 GHz [14]. Suppressing the optical carrier in a frequency conversion system would improve the
conversion efficiency as well as the isolation between the output and input port, as compared with
a conventional system based on two cascaded modulators for photonic microwave mixing [15].

3. Analysis
In the dual-function photonic microwave signal processor shown in Fig. 1, each DPMZM inside the
DP-DPMZM is biased to suppress the optical carrier and one sideband.

When the system is used for frequency down conversion, the bottom and top DPMZM are driven
by a high-frequency RF signal and a high-frequency LO, respectively. The electric field at the output
of the DP-DPMZM can be expressed as

E out,D PD PM Z M =
√

2
2

E i n
√

tff [(J 1(βRF )cos (ωc + ωRF ) t − J 3(βRF )cos (ωc − 3ωRF ) t) ŷ

+ (J 1(βL O )cos (ωc + ωL O ) t − J 3(βL O )cos (ωc − 3ωL O ) t) x̂ ] (1)

where E i n is the amplitude of the electric field at the input of the DP-DPMZM, tff is the insertion loss
of each DPMZM and is assumed to be identical for the two DPMZMs, J m (x) is the Bessel function of
the first kind of mth order, βRF = πVRF /Vπ, VRF is the input RF signal amplitude, Vπ is the modulator
switching voltage, ωC , ωRF and ωL O are the angular frequencies of the optical carrier, the input RF
signal and the LO, respectively, βL O = πVL O /Vπ, VL O is the LO amplitude, and x̂ and ŷ represent the
two orthogonal polarization states. In additional to the fundamental sideband, a DPMZM operating
as a SSB-SC modulator will also generate a third order sideband [21]. The signal at the output of
the DP-DPMZM passes through a LiNbO3 electro-optic phase modulator, which is used to introduce
an optical phase φx and φy to each of the two orthogonally polarized signals. This is followed by a
45° polarizer. The electric field at the input of the PD is given by

E out = 1
2

E i n
√

tff
√

L
[
J 1(βRF )cos

(
(ωc + ωRF ) t + φy

) − J 3(βRF )cos
(
(ωc − 3ωRF ) t + φy

)

+ J 1(βL O )cos ((ωc + ωL O ) t + φx ) − J 3(βL O )cos ((ωc − 3ωL O ) t + φx )] (2)

where L is the total insertion loss of the phase modulator and the 45° polarizer. The photocurrent
at the IF signal frequency ωIF = ωRF − ωL O can be obtained from (2) and is given by

I IF = �1
4

Pi n tff L [J 1(βRF )J 1(βL O )]
[
cos

(
(ωRF − ωL O ) t + (

φy − φx
))]

(3)

where � is the PD responsivity and Pi n is the laser power into the DP-DPMZM. Equation (3) shows
the phase of the output IF signal is the optical phase difference φy − φx between the two orthogonally
polarized sidebands. Typical modulation efficiency for a light travelling in TM polarization state inside
a LiNbO3 electro-optic phase modulator is four times the modulation efficiency for a light travelling
in TE polarization state. Hence the relationship between the optical phase difference and the DC
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voltage VD C into the phase modulator can be written as

φy − φx = −3πVD C

4Vπ,PM
(4)

where Vπ,PM is the switching voltage of the phase modulator for a light travelling in the TM polariza-
tion state. It can be seen from (3) and (4) that the output IF signal phase shift is linearly proportional
to the DC voltage into the phase modulator. The electrical power of the output IF signal can be
obtained from (3) and is given by

PI F ,out = 1
32

�2P 2
i n tff 2L 2J 1(βRF )2J 1(βL O )2R o (5)

where R o is the PD load resistance. Note that the beating of the fundamental and the third order
RF signal and LO modulation sidebands at the PD will also generate other frequency components.
However, since these frequency components are all located at high frequencies outside the PD
bandwidth except the frequency component at 3ωL O − 3ωRF , they will not contribute to the output.
The electrical power of the unwanted frequency component at 3ωL O − 3ωRF is given by

P3ωL O −3ωRF ,out = 1
32

�2P 2
i n tff 2L 2J 3(βRF )2J 3(βL O )2R o (6)

Assume the input RF signal is a small signal, the ratio of the unwanted frequency component power
to the output IF signal power is

P3ωL O −3ωRF ,out

P I F ,out
= J 3(βRF )2J 3(βL O )2

J 1(βRF )2J 1(βL O )2
≈ β4

RF J 3(βL O )2

576J 1(βL O )2
(7)

Equation (7) shows the unwanted frequency component at 3ωL O − 3ωRF is much smaller than the
output IF signal and hence it has little effect on the system performance. The down conversion
efficiency, which is defined as the ratio of the output IF signal power to the input RF signal power,
is given by

G = PI F ,out

PRF ,i n
= 1

64
�2P 2

i n tff 2L 2
(

π

Vπ

)2

R i n R oJ 1(βL O )2 (8)

where R i n is the RF port input resistance of the DP-DPMZM. Equation (8) indicates that conversion
efficiency is dependent on the LO modulation index and will increase as the laser source power
increases.

When the system is used for frequency up conversion, the bottom DPMZM is driven by a low-
frequency IF signal and the main MZM in the bottom DPMZM is biased at a quadrature point with
an opposite slope compared to that used for frequency down conversion. This would generate a
lower IF signal modulation sideband, which is required to obtain an up converted RF signal at
ωRF = ωIF + ωL O after photodetection. The electric field at the output of the DP-DPMZM can be
expressed as

E out,D PD PM Z M =
√

2
2

E i n
√

tff [(−J 1(βIF )cos (ωc − ωIF ) t + J 3(βIF )cos (ωc + 3ωIF ) t) ŷ

+ (J 1(βL O )cos (ωc + ωL O ) t − J 3(βL O )cos (ωc − 3ωL O ) t) x̂ ] (9)

where βIF = πVIF /Vπ and VIF is the input IF signal amplitude. By following the same procedure as
for frequency down conversion, the photocurrent at the RF signal frequency ωRF = ωIF + ωL O and
the up conversion efficiency, which is defined as the ratio of the output RF signal power to the input
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IF signal power, are, respectively, given by

I RF = −�1
4

Pi n tff L [J 1(βIF )J 1(βL O )]
[
cos

(
(ωIF + ωL O ) t + (

φx − φy
))]

(10)

G = PRF ,out

P I F ,i n
= 1

64
�2P 2

i n tff 2L 2
(

π

Vπ

)2

R i n R oJ 1(βL O )2 (11)

Comparing (10) and (11) with (3) and (8), we can see the signal processor operating in the up
conversion mode has the same performance as operating in the down conversion mode in terms of
output photocurrent and conversion efficiency. Note that, in the case of frequency up conversion,
the system will also generate an unwanted frequency component at ωL O − 3ωIF , which is close
to the output RF signal. However, it has a very small output power as the unwanted frequency
component at 3ωL O − 3ωRF presented in the signal processor output when operating in the down
conversion mode.

The conversion efficiency for frequency up/down conversion can be written in term of the average
optical power into the PD and is given by

G = 1
16

�2P 2
avg

(
π

Vπ

)2

R i n R o
1

J 1(βL O )2
(12)

where Pavg is the average optical power into the PD, which is dominated by the LO modulation
sideband amplitude, and can be expressed as

Pavg ≈ 1
4

Pi n tff L J 1(βL O )2 (13)

It can be seen from (12) that the conversion efficiency can be increased by increasing the average
output optical power. It is limited by the PD optical power handling ability. Note that in practice
an optical amplifier is required to ensure high average optical power into the PD to obtain a high
conversion efficiency performance. However, an optical amplifier introduces signal-spontaneous
beat noise, which dominates other noise components in the system. The noise figure of the
dual-function photonic microwave signal processor with the inclusion of an optical amplifier is
given by

N F = 64 (G O A − 1) ns p hv

K T Pi n tff L
(

π
Vπ

)2
R i n R oG O A

(14)

where G O A is the optical amplifier gain, ns p is the spontaneous emission factor, hv is the photon
energy, K is Boltzmann constant, and T is the absolute temperature.

The above analysis indicates that two controls are required in the proposed signal processing
structure. One is the DC voltage into the main MZM of the bottom DPMZM for switching from down
to up conversion and vice versa. Another is the DC voltage into the optical phase modulator after
the DP-DPMZM for realizing different RF/IF signal phase shifts. Commercial wide bandwidth optical
phase modulators can be used to shift the RF/IF signal phase rapidly to achieve high-speed beam
steering operation in a phased array beamforming system.

4. Experimental Results
Figure 3 illustrates the experimental setup of the dual-function photonic microwave signal processor
for realizing frequency up/down conversion and phase shifting operation. A wavelength tunable
laser, which generated a CW light at 1550 nm, was used as the optical source. The laser output
power was 10 dBm. The LO for both down and up conversion was generated by a microwave
generator, which was connected to the top DPMZM inside the DP-DPMZM. The RF/IF signal for
down/up conversion was generated by another microwave generator and was applied to the bottom
DPMZM. The insertion loss of the top and bottom DPMZM was found to be around 10 dB. A portion
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Fig. 3. Experimental setup of the dual-function photonic microwave signal processor. PC: polarization
controller, PM: phase modulator, Pol: polarizer, PD: photodetector.

Fig. 4. Optical spectrum at the output of the phase modulator for the dual-function photonic microwave
signal processor operating in the down conversion mode.

of the DP-DPMZM output was detected by a bias controller, which was used to ensure the two
DPMZMs inside the DP-DPMZM were biased in the way to generate one sideband with the optical
carrier being suppressed. A phase modulator, with a half-wave voltage of 4.5 V and 18 V for a
light travelling in the slow and fast axis, respectively, was used to shift the output IF/RF signal
phase. A polarization controller and a polarizer were used to convert the two orthogonally polarized
sidebands to have the same polarization state. Since the insertion loss of the optical modulators
and polarizer would degrade the signal processor conversion efficiency, a low-noise optical amplifier
was used to compensate for the loss and to ensure high average optical power of 10 dBm at the
input of the PD. The optical amplifier was followed by an optical filter having a 0.8 nm bandwidth
and a center wavelength of 1550 nm for suppressing the amplified spontaneous emission noise.
The RF/IF signal and LO sidebands were detected by a 40 GHz bandwidth PD whose output was
connected to an electrical spectrum analyzer to measure the output down or up converted signal.

The down conversion ability of the signal processor was first demonstrated by driving the upper
DPMZM with an LO of 25.5 GHz and the lower DPMZM with an RF signal of 26.5 GHz. Fig. 4
shows the optical spectrum measured at the output of the phase modulator. According to Fig. 4,
the unwanted right sidebands and the optical carriers are well suppressed to be more than 25 dB
lower than the wanted left sidebands. The optical signal-to-noise ratio, which is defined as the ratio
of the first order LO modulation sideband amplitude to the highest unwanted frequency component
amplitude, is 34 dB. The electrical spectrum of the down converted IF signal at 1 GHz is shown
in Fig. 5. The electrical spectrums of the RF signal and LO into the signal processor are also
shown in Fig. 5 for reference. The input RF signal power was −6.1 dBm and the LO power was
optimized to 1.5 dBm to maximize the output IF signal power to be −7.8 dBm. A down conversion
efficiency of −1.7 dB can be obtained from Fig. 5. The down converted IF signal was measured
on an oscilloscope connected to the PD output for different DC voltages into the phase modulator.
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Fig. 5. Spectrums of the input RF signal and the LO. The spectrum of the frequency down-converted
IF signal is also shown. The spectrum analyzer resolution bandwidth is 3 MHz.

Fig. 6. Phase shifts of the down-converted IF signal with different DC voltages into the phase modulator.

Fig. 7. IF signal power versus input RF signal frequency.

Fig. 6 shows the IF signal phase shifting operation. The experimental results demonstrate 0°–360°
IF signal phase shift with almost no change in the IF signal amplitude by changing the DC voltage
into the phase modulator.

The wide bandwidth capability of the dual-function photonic microwave signal processor was
examined by varying the input RF signal frequency from 3.5 GHz to 26.5 GHz and adjust-
ing the LO frequency accordingly from 2.5 to 25.5 GHz to fix the IF signal at 1 GHz. This
input RF signal frequency range was limited by the 2–26.5 GHz bandwidth 90° hybrid cou-
plers used in the experiment. Fig. 7 shows the output IF signal power for different input RF
signal frequencies and different DC voltages into the phase modulator to obtain different IF
signal phase shifts. There is only around 1 dB variation of the output IF signal power, which
demonstrates that the signal processor is capable to operate over a wide frequency range. The
down conversion efficiency was also measured when the output IF signal frequency was varied
from 0.5 GHz to 3 GHz by changing the input RF signal frequency from 20.5 GHz to 23 GHz
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Fig. 8. Measured down conversion efficiency as a function of the IF signal frequency.

Fig. 9. Optical spectrum at the output of the phase modulator for the dual-function photonic microwave
signal processor operating in the up conversion mode.

Fig. 10. Spectrums of the input IF signal and the LO. The spectrum of the frequency up-converted RF
signal is also shown. The spectrum analyzer resolution bandwidth is 3 MHz.

while maintaining the LO frequency at 20 GHz. As shown in Fig. 8, the signal processor has
less than 1 dB conversion efficiency variation over the 0.5 GHz to 3 GHz IF signal frequency
range.

In order to demonstrate that the dual-function photonic microwave signal processor also has the
ability to perform frequency up conversion, a 1 GHz IF signal with −6 dBm power was applied to
the bottom DPMZM inside the DP-DPMZM via a 0.5–9 GHz bandwidth 90° hybrid coupler. The
phase modulator output optical spectrum was measured and is shown in Fig. 9. Again, the residual
carrier and the unwanted right sideband are more than 25 dB lower than the wanted left sideband.
Fig. 10 shows the signal processor input and output electrical spectrums. It can be seen that the
1 GHz input IF signal was up converted into a 26.5 GHz RF signal at the output of the dual-function
photonic microwave signal processor. The LO power required to maximize the up converted RF
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Fig. 11. Phase shifts of the up-converted RF signal with different DC voltages into the phase modulator.

Fig. 12. RF signal power versus output RF signal frequency.

signal power is 1.5 dBm, which is the same as that used in frequency down conversion. The
measurement shows that the signal processor has an up conversion efficiency of −2.2 dB. Note
that around −2 dB conversion efficiency was measured for both frequency down and up conversion.
This agrees with −3.4 dB conversion efficiency obtained using (12) together with the experimental
parameter values such as 10 dBm output average optical power and 1.5 dBm input LO power.
The experimental results also show the unwanted frequency components at the IF signal and LO
frequencies are more than 32 dB below the output RF signal, which demonstrates the mixer has
high isolation between the input and output port.

Figure 11 shows the output RF signals for different DC voltages into the phase modulator. The
frequency of the output RF signal shown in Fig. 11 was 20 GHz, which was obtained by setting
the LO frequency to 19 GHz while keeping the input IF signal frequency to be 1 GHz as before.
The results demonstrate the dual-function photonic microwave signal processor operated in the
up conversion mode has the ability to shift the phase of the up-converted RF signal by control-
ling a single modulator bias voltage. This cannot be achieved by the previously reported photonic
microwave signal processors [17]. Fig. 12 shows the up-converted RF signal power for different
phase shifts over the frequency range of 3.5 to 26.5 GHz, which was obtained by changing the
LO frequency from 2.5 to 25.5 GHz while the IF signal frequency was fixed at 1 GHz. Fig. 13
shows the conversion efficiency when the signal processor is operating in the up conversion mode,
which is around −2 dB for the input IF signal with a frequency from 0.5 to 3 GHz. This input
IF signal frequency range was limited by the 2–26.5 GHz bandwidth and the 0.5–9 GHz band-
width 90° hybrid couplers used in the experiment at the LO and IF signal port respectively. Note
that the output RF signal power and the conversion efficiency measurements given in Figs. 12
and 13 have around 2 dB variation with frequency. This is due to small ripples presented in the
frequency responses of the 90° hybrid couplers, DP-DPMZM and electrical cables used in the
experiment.
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Fig. 13. Measured up conversion efficiency as a function of the input IF signal frequency.

5. Conclusion
This paper presented a novel photonic microwave signal processor that is capable to realize both
frequency up/down conversion and phase shifting operation. It was implemented based on a DP-
DPMZM that was biased to generate a single RF/IF signal sideband and a single LO sideband with
the optical carrier being suppressed, and an optical phase modulator that was used to introduce
different optical phase shifts to the two sidebands. A frequency down-converted or up-converted
electrical signal with tunable phase shift was generated at the output of a photodetector. The perfor-
mance of the dual-function photonic microwave signal processor was analyzed and experimentally
investigated. The conversion efficiency for both frequency up and down conversion were measured
to be around −2 dB and the amplitude variations of the converted signals were less than 2 dB
over a wide input and output signal frequency range. A 0°–360° continuously tunable phase shift
on the output IF/RF signal was demonstrated by controlling a single DC voltage into the optical
phase modulator. To the best of our knowledge, this is the first time such a photonic microwave
signal processor that can realize both frequency up and down conversion with high input and output
isolation as well as phase shifting operation via a single control was reported.

References
[1] H. Kikuchi et al., “Performance of minimum mean-square error beam forming for polarimetric phased array weather

radar,” IEEE Trans. Geosci. Remote Sens., vol. 55, no. 5, pp. 2757–2770, May 2017.
[2] R. Y. Miyamoto and T. Itoh, “Retrodirective arrays for wireless communications,” IEEE Microw. Mag., vol. 3, no. 1,

pp. 71–79, Mar. 2002.
[3] R. Bil and W. Holpp, “Modern phased array radar systems in Germany,” in Proc. 2016 IEEE Int. Symp. Phased Array

Syst. Technol., 2016, pp. 1–7.
[4] W. Liu, W. Li, and J. Yao, “An ultra-wideband microwave photonic phase shifter with a full 360° phase tunable range,”

IEEE Photon. Technol. Lett., vol. 25, no. 12, pp. 1107–1110, Jun. 2013.
[5] M. Cook and J. W. M. Rogers, “A highly compact 2.4 GHz passive 6-bit phase shifter with ambidextrous quadrant

selector,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 64, no. 2, pp. 131–135, Feb. 2016.
[6] Q. Zhang, C. Yuan, and L. Liu, “Studies on mechanical tunable waveguide phase shifter for phased array antenna

applications,” in Proc. 2016 IEEE Int. Symp. Phased Array Syst. Technol., 2016, pp. 1–3.
[7] A. Natarajan, A. Komijani, X. Guan, A. Babakhani, and A. Hajimiri, “A 77-GHz phased array transceiver with on

chip antennas in silicon transmitter and local LO path phase shifting,” IEEE J. Solid State Circuits, vol. 41, no. 12,
pp. 2807–2819, Dec. 2006.

[8] R. A. Minasian, E. H. W. Chan, and X. Yi, “Microwave photonic signal processing,” Opt. Exp., vol. 21, no. 19,
pp. 22918–22936, 2013.

[9] E. H. W. Chan, W. Zhang, and R. A. Minasian, “Photonic RF phase shifter based on optical carrier and RF modulation
sidebands amplitude and phase control,” J. Lightw. Technol., vol. 30, no. 23, pp. 3672–3678, Dec. 2012.

[10] W. Liu and J. Yao, “Ultra-wideband microwave photonic phase shifter with a 360° tunable phase shift based on an
erbium-ytterbium co-doped linearly chirped FBG,” Opt. Lett., vol. 39, no. 4, pp. 922–924, 2014.

[11] T. Li, E. H. W. Chan, X. Wang, X. Feng, and B. Guan, “All optical photonic microwave phase shifter requiring only a
single DC voltage control,” IEEE Photon. J., vol. 8, no. 4, Aug. 2016, Art. no. 5501008.

[12] H. Shahoei and J. Yao, “Tunable microwave photonic phase shifter based on slow and fast light effects in a tilted fiber
Bragg grating,” Opt. Exp., vol. 20, no. 13, pp. 14009–14014, 2012.

Vol. 10, No. 1, February 2018 5500112



IEEE Photonics Journal Broadband Photonic Microwave Signal Processor

[13] B. Wu, M. Wang, Y. Tang, J. Sun, and S. Jian, “Photonic microwave signal mixing using Sagnac loop based modulator
and polarization dependent modulation,” IEEE Photon. J., vol. 8, no. 4, Aug. 2016, Art. no. 5501208.

[14] S. R. O’Connor, M. C. Gross, M. L. Dennis, and T. R. Clark Jr., “Experimental demonstration of RF photonic downcon-
version from 4-40 GHz,” in Proc. IEEE Int. Top. Meeting Microw. Photon., 2009, pp. 1–3.

[15] E. H. W. Chan and R. A. Minasian, “Microwave photonic downconverter with high conversion efficiency,” J. Lightw.
Technol., vol. 30, no. 23, pp. 3580–3585, Dec. 2012.

[16] J. Zhang, E. H. W. Chan, X. Wang, X. Feng, and B. Guan, “High conversion efficiency photonic microwave mixer with
image rejection capability,” IEEE Photon. J., vol. 8, no. 4, Aug. 2016, Art. no. 3900411.

[17] T. Jiang, S. Yu, R. Wu, D. Wang, and W. Gu, “Photonic downconversion with tunable wideband phase shift,” Opt. Lett.,
vol. 41, no. 11, pp. 2640–2643, 2016.

[18] T. Jiang, R. Wu, S. Yu, D. Wang, and W. Gu, “Microwave photonic phase-tunable mixer,” Opt. Exp., vol. 25, no. 4,
pp. 4519–4527, 2017.

[19] H. J. Kim, J. I. Song, and H. J. Song, “An all-optical frequency up-converter utilizing four-wave mixing in a semiconductor
optical amplifier for sub-carrier multiplexed radio-over-fiber applications,” Opt. Exp., vol. 15, no. 6, pp. 3384–3389, 2007.

[20] Y. Shi, W. Wang, and J. H. Bechtel, “High-isolation photonic microwave mixer/link for wideband signal processing and
transmission,” J. Lightw. Technol., vol. 21, no. 5, pp. 1224–1232, May 2003.

[21] K. Higuma, S. Oikawa, Y. Hashimoto, H. Nagata, and M. Izutsu, “X-cut lithium Niobate optical single-sideband modu-
lator,” Electron. Lett., vol. 37, no. 8, pp. 515–516, 2001.

[22] Fujitsu Ti:LiNbO3 DP-QPSK single-drive Mach-Zehnder modulator (FTM7977HQA) data sheet, 2014. [Online]. Avail-
able: http://www.fujitsu.com/downloads/JP/archive/imgjp/group/foc/services/100gln/ln100gdpqpsk-e-141105.pdf

[23] PlugTech Ultra compact DP-IQ modulator bias controller (MBC-DPIQ-01) data sheet, 2017. [Online]. Available:
www.plugtech.hk

Vol. 10, No. 1, February 2018 5500112



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


