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Simple and All-Optical In-Phase and Quadrature
Phase Generation Techniques

Chongjia Huang , Chirappanath B. Albert, and Erwin H. W. Chan , Senior Member, IEEE

Abstract—New microwave photonic signal processing structures
for generating in-phase and quadrature phase RF signals are pre-
sented. They are based on designing the bias angles of a dual-drive
Mach Zehnder modulator (DDMZM) or a dual-parallel Mach
Zehnder modulator (DPMZM) to introduce a specific phase shift
to the optical carrier and using a wavelength division multiplexer
to separate the lower and upper RF modulation sidebands. The
optical carrier beat with the sidebands in a pair of photodetectors
generate two output RF signals with a quadrature phase differ-
ence. The two proposed structures are simple, low cost and free
of electrical components. The upper operating frequency of the
two microwave photonic signal processors is only limited by the
optical modulator bandwidth. Experimental results demonstrate
the proposed microwave photonic signal processing structures have
the ability to generate in-phase and quadrature phase signals with
small phase and amplitude imbalance, over a wide frequency range.

Index Terms—Hilbert transformer, electro-optic modulators,
hybrid coupler, optical signal processing, microwave photonics.

I. INTRODUCTION

PROCESSING radio frequency (RF) signals in an optical
domain is attractive. This arises from the wideband capa-

bility of photonics, which overcomes the bandwidth limitation
in conventional electronic signal processors [1], [2]. A Hilbert
transformer, which produces in-phase and quadrature phase
RF signals [3], is an important signal processor. It is widely
used in communication systems, electronic warfare systems and
instrumentation systems.

Hilbert transformers implemented using various microwave
photonic techniques have been reported. Microwave photonic
Hilbert transformers (MPHTs) based on a multitap transversal
filter have a complex structure as they require multiple laser
sources with specific wavelengths and amplitudes, and a dis-
persive fibre [4], [5]. Furthermore, their bandwidths are limited
by the filter free spectral range. Moreover, electrical components
are needed in the transversal filter based MPHTs. Using a Fourier
domain optical processor (FD-OP) to implement a MPHT can
simplify the structure [6], [7]. The FD-OP based MPHTs only
require a single laser source, an optical modulator, a FD-OP and
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Fig. 1. Structure of the DDMZM based microwave photonic Hilbert trans-
former (MPHT).

a pair of photodetectors. They can be designed to have a very
wide bandwidth and excellent phase and amplitude imbalance
performance. However, a FD-OP is bulky and costly. Recently
a MPHT based on a pair of dual-polarisation dual-drive Mach
Zehnder modulators (DPol-DDMZMs) operating in forward and
reverse direction has been reported [8]. This MPHT can be
integrated into a compact device. However, it requires six DC
voltages for biasing the two DPol-DDMZMs. Note that a ring
resonator [9], [10], a nonuniformly spaced delay line filter [11]
and a π-phase shifted fibre Bragg grating (FBG) [12] can also be
used to implement a Hilbert transformer. However, these Hilbert
transformers are focused on realising the fractional Hilbert
transform operation rather than generating two RF signals with
a quadrature phase difference. Until now, there is no report of
a simple, integrable and broadband MPHT, which is needed in
electronic warfare applications [13].

This paper presents two novel all-optical MPHTs. They are
based on using either a dual-drive Mach Zehnder modulator
(DDMZM) or a dual-parallel Mach Zehnder modulator (DP-
MZM) for RF signal modulation, a wavelength division multi-
plexer (WDM) for separating the lower and upper sidebands, and
a pair of photodetectors. The DDMZM based MPHT has a very
simple structure. The DPMZM based MPHT has modulation
index independent quadrature phase performance and high fun-
damental to second order harmonic power ratio. Experimental
results are presented that demonstrate in-phase and quadrature
phase RF signal generation using the two proposed MPHT
structures.

II. TOPOLOGIES AND OPERATION PRINCIPLE

The structure of the proposed DDMZM based MPHT is shown
in Fig. 1. It consists of a laser source, a DDMZM, a WDM
and two photodetectors. The DDMZM has two RF ports for RF
signal modulation. One of the DDMZM RF ports is driven by
the input RF signal. The other DDMZM RF port is terminated
by a 50 Ω terminator. The phase difference between the two
arms of the DDMZM is controlled by a DC bias voltage (VDC)
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Fig. 2. (a) Optical spectrum at the DDMZM output, and WDM channel 1
(CH1) (black dotted line) and channel 2 (CH2) (red dotted line) magnitude
response. Optical spectrum at WDM (b) CH1 and (d) CH2 output. (c) PD1 and
(e) PD2 output electrical spectrum. fc and fRF are the optical carrier frequency
and the input RF signal frequency respectively.

into the DDMZM DC port. The electric field at the DDMZM
output is given by (1), shown at the bottom of this page, where
Ein and ωc are the amplitude and the angular frequency of
the light wave into the DDMZM, tff is the insertion loss of
the DDMZM, Jn(x) is the Bessel function of nth order of
the first kind, ωRF is the angular frequency of the input RF
signal, θ = πVDC/Vπ,DC is the DDMZM bias angle, which
can be controlled by adjusting the DDMZM input DC volt-
age VDC, Vπ ,DC is the DDMZM DC port switching voltage,
mRF = πVRF/Vπ,RF is the modulation index, VRF is the voltage
of the RF signal into the RF port of the DDMZM and Vπ ,RF is
the DDMZM RF port switching voltage.

As shown in Fig. 2(a), the DDMZM output consists of an
optical carrier and two pairs of RF modulation sidebands at
the frequencies of fc, fc±fRF and fc±2fRF. The higher order
RF modulation sidebands are neglected as they have small
amplitudes. The figure also shows the magnitude responses
of the two channels of the WDM connected to the DDMZM
output. It can be seen from the figure that the frequency of the
optical carrier is designed to be in the middle of the two WDM
channels. The upper and lower RF modulation sidebands are in
the passband of WDM channel 1 (CH1) and channel 2 (CH2)
respectively. Fig. 2(b) and 2(d) show the two channel output
optical spectrums. Since the WDM magnitude responses have a
finite edge roll-off, the first order lower and upper sideband are
not fully suppressed at WDM CH1 and CH2 output respectively.
The electric field of the optical signals at the two WDM channel
outputs are given by

EDDMZM,CH1(t) =
1

2
Ein

√
tff

√
Lejωct

×
⎡
⎣−

√
α(fc − fRF )J1(mRF )e

−jωRF t

+
√

α(fc)
(
J0(mRF ) + ejθ

)
+J1(mRF )e

jωRF t + J2(mRF )e
j2ωRF t

⎤
⎦ (2)

EDDMZM,CH2(t) =
1

2
Ein

√
tff

√
Lejωct

×
⎡
⎣J2(mRF )e

−j2ωRF t − J1(mRF )e
−jωRF t

+
√

α(fc)
(
J0(mRF ) + ejθ

)
+
√
α(fc + fRF )J1(mRF )e

jωRF t

⎤
⎦ (3)

where L is the WDM insertion loss and α(f) is the amount of
suppression at the optical frequency f introduced by the WDM.
α(f) equal to 1 (or 0) indicates no suppression (or full suppres-
sion) of an optical frequency component at the frequency f. For
simplicity, we assumeα(fc-fRF)=α(fc+fRF)=α(fc±fRF). The
two WDM channel outputs are connected to two photodetectors
(PD1 and PD2). Beating of optical frequency components at
the photodetectors generate photocurrents at the input RF signal
frequency fRF. The photocurrent at fRF at the two photodetector
outputs are given by

IDDMZM,PD1,RF (t)

=
1

2
�PintffL

√
A1

2 +B1
2 cos (ωRF t

+tan−1

(
B1

A1

)
+ ωRF τ

)
(4)

IDDMZM,PD2,RF (t)

=
1

2
�PintffL

√
A1

2 +B1
2 cos

(
ωRF t− tan−1

(
B1

A1

))
(5)

where � is the photodetector responsivity, Pin is the power of
the continuous wave light into the DDMZM,

A1 =
√

α(fc)
(
1−

√
α(fc ± fRF )

)
J1(mRF ) (J0(mRF )

+ cos θ) + J1(mRF )J2(mRF ) (6)

B1 = −
√

α(fc)
(
1 +

√
α(fc ± fRF )

)
J1(mRF ) sin θ (7)

Note that a time delay τ is included in (4). It is due to a slight
mismatch in the two path lengths between the WDM outputs and
the photodetectors. It can be seen from (4) and (5) that the two
photocurrents have the same amplitude and a phase difference of
2tan−1(B1/A1)+ωRFτ . In the case where the residual first order
sidebands are largely suppressed by the WDM, the input RF
signal is a small signal and the two path lengths are matched,
the two photodetector output currents at the input RF signal
frequency have a 90° phase difference when the DDMZM is
biased at the quadrature point. This shows the proposed structure
is capable to generate two RF signals with equal amplitude and
quadrature phase. Note that the MPHT shown in Fig. 1 utilises
a DDMZM with an input RF signal applied to one of the two
arms of the DDMZM. Hence the DDMZM is not operating at
the chirp-free configuration. This is required to enable the phase
of the optical carrier at the DDMZM output to be controlled by
the modulator bias voltage, while the sideband phase remains by

EDDMZM (t) =
1

2
Ein

√
tffe

jωct

[
J2(mRF )e

−j2ωRF t − J1(mRF )e
−jωRF t +

(
J0(mRF ) + ejθ

)
+J1(mRF )e

jωRF t + J2(mRF )e
j2ωRF t

]
(1)
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Fig. 3. Structure of the DPMZM based microwave photonic Hilbert trans-
former (MPHT).

unchanged, in order to obtain two RF signals with a 90° phase
difference at the MPHT outputs.

Beating of the optical carrier with the second order sideband
and beating of the two first order sidebands at the photodetectors
generate a photocurrent at twice the input RF signal frequency
2fRF. They are given by

IDDMZM,PD1,2RF (t)

=
1

2
�PintffL

√
A2

2 +B2
2 cos

(
2ωRF t+ tan−1

(
B2

A2

)

+ 2ωRF τ

)
(8)

IDDMZM,PD2,2RF (t)

=
1

2
�PintffL

√
A2

2 +B2
2 cos

(
2ωRF t− tan−1

(
B2

A2

))
(9)

where

A2 =
√

α(fc)J2(mRF ) (J0(mRF ) + cos θ)

−
√
α(fc ± fRF )J

2
1(mRF ) (10)

B2 = −
√

α(fc)J2(mRF ) sin θ (11)

It can be seen from (8) and (9) that the two output second order
harmonic components have the same amplitude and a phase
difference of 2tan−1(B2/A2)+2ωRFτ . The two photodetector
output electrical spectrums are shown in Fig. 2(c) and 2(e).

In the second MPHT topology [Fig. 3], the DDMZM shown
in Fig. 1 is replaced by a DPMZM. A DPMZM is formed by two
single-drive MZMs (MZMA and MZMB) connected in parallel
in a main MZM [14]. Both MZMA and MZMB have an RF port
and a DC port. The input RF signal is applied to MZMA, which
is biased at the null point for double-sideband suppressed-carrier
modulation. MZMB is biased at the peak point and its RF port
is terminated by a 50 Ω terminator so that only an optical carrier
is present at MZMB output. The electric field at the DPMZM
output is given by (12), shown at the bottom of this page, where

Fig. 4. (a) Optical spectrum at the DPMZM output, and WDM channel 1
(CH1) (black dotted line) and channel 2 (CH2) (red dotted line) magnitude
response. Optical spectrum at WDM (b) CH1 and (d) CH2 output. (c) PD1 and
(e) PD2 output electrical spectrum.

φ = πVDC-C/Vπ,DC is the main MZM bias angle. This shows
the phase shift of the optical carrier at MZMB output can be
controlled by the main MZM DC bias voltage VDC-C. As shown
in Fig. 4(a), the DPMZM output consists of an optical carrier
and two pairs of RF modulation sidebands at the frequencies
of fc, fc±fRF and fc±3fRF. Note that, under an ideal situation,
MZMA does not generate an optical carrier and the second order
RF modulation sidebands. A WDM is connected to the DPMZM
output. The magnitude responses of the two WDM channels are
shown by the dotted lines in Fig. 4(a). As in the case of the
DDMZM based MPHT, the optical carrier is in the middle of
the two WDM channels. The electric field of the optical signals
at the two WDM channel outputs are given by

EDPMZM,CH1(t) =
1

2
Ein

√
tff

√
Lejωct

×
[−√α(fc − fRF )J1(mRF )e

−jωRF t +
√

α(fc)e
jφ

+J1(mRF )e
jωRF t + J3(mRF )e

j3ωRF t

]
(13)

EDPMZM,CH2(t) =
1

2
Ein

√
tff

√
Lejωct

×
[−J3(mRF )e

−j3ωRF t − J1(mRF )e
−jωRF t

+
√

α(fc)e
jφ +

√
α(fc + fRF )J1(mRF )e

jωRF t

]
(14)

Fig. 4(b) and 4(d) show the optical spectrum at WDM CH1 and
CH2 output. A residual first order RF modulation sideband is
present at the two WDM outputs due to the WDM magnitude
response has a finite edge roll off. The optical signals at the
two WDM outputs are detected by two photodetectors (PD1 and
PD2). Photocurrents at the input RF signal frequency fRF can

EDPMZM (t) =
1

2
Ein

√
tffe

jωct

[−J3(mRF )e
−j3ωRF t − J1(mRF )e

−jωRF t + ejφ

+J1(mRF )e
jωRF t + J3(mRF )e

j3ωRF t

]
(12)
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be obtained from (13) and (14), and are given by

IDPMZM,PD1,RF (t) =
1

2

√
α(fc)J1(mRF )�PintffL

×
√
1 + α(fc ± fRF )− 2

√
α(fc ± fRF ) cos(2φ)

× cos

(
ωRF t+tan−1

[
(1+

√
α(fc ± fRF ))

(1−√α(fc ± fRF ))
tanφ

]
+ωRF τ

)

(15)

IDPMZM,PD2,RF (t) =
1

2

√
α(fc)J1(mRF )�PintffL

×
√
1 + α(fc ± fRF )− 2

√
α(fc ± fRF ) cos(2φ)

× cos

(
ωRF t− tan−1

[
(1 +

√
α(fc ± fRF ))

(1−√α(fc ± fRF ))
tanφ

])

(16)

(15) and (16) show the two photocurrents have the same ampli-
tude. Unlike the DDMZM based MPHT, here the phases of the
two RF signal photocurrents are independent to the modulation
index. They are dependent on the amount of unwanted first order
sideband suppression and the difference of the two path lengths
between the WDM outputs and the two photodetectors. A phase
difference of 90° can be obtained when the main MZM bias
angle φ is π/4 when α(fc±fRF) = 0 and τ = 0. Photocurrents at
the second order harmonic frequency 2fRF are also generated at
the two photodetector outputs. They are given by

IDPMZM,PD1,2RF (t) =
1

2
�PintffL

×
[
J1(mRF )J3(mRF )−

√
α(fc ± fRF )J1

2(mRF )
]

× cos(2ωRF t+ 2ωRF τ) (17)

IDPMZM,PD2,2RF (t) =
1

2
�PintffL

×
[
J1(mRF )J3(mRF )−

√
α(fc ± fRF )J1

2(mRF )
]

× cos(2ωRF t) (18)

(17) and (18) show the two photocurrents at the second order
harmonic frequency have the same amplitude and the same phase
when τ = 0. More importantly, for a large unwanted first order
sideband suppression, the second order harmonic photocurrent
amplitude is proportional to J1(mRF)J3(mRF), which is much
smaller than J0(mRF)J2(mRF) in the DDMZM based MPHT.
Hence, only a small second order harmonic component is present
at the output of the DPMZM based MPHT.

III. SIMULATION RESULTS AND DISCUSSION

Phase imbalance is an important figure of merit for a Hilbert
transformer [15]. It is defined as the phase difference of the
two Hilbert transformer outputs deviated from 90°. Fig. 5(a)
shows the simulated DDMZM based MPHT phase imbalance
as a function of the amount of unwanted first order sideband
suppression α(fc±fRF) for different modulation indexes. It was
obtained using (4)–(7). The simulation result shows the phase

Fig. 5. (a) DDMZM based MPHT phase imbalance and (b) the required
DDMZM bias angle away from 90° to obtain a quadrature phase difference at
the two Hilbert transformer outputs, versus the amount of unwanted first order
sideband suppression α(fc±fRF) for different modulation indexes.

Fig. 6. (a) DPMZM based MPHT phase imbalance and (b) the required main
MZM bias angle away from 45° to obtain a quadrature phase difference at the two
Hilbert transformer outputs, versus the amount of unwanted first order sideband
suppression α(fc±fRF).

imbalance reduces as the amount of unwanted first order side-
band suppression increases. More than 37 dB unwanted first
order sideband suppression is needed to ensure the phase imbal-
ance is below 3° for a modulation index of less than 0.6. Note
from the figure that the higher the modulation index is the higher
phase imbalance becomes. This is because the second order
sideband amplitude increases faster than that of the first order
sideband as the modulation index increases. The second and first
order sidebands beat at the photodetector generates an unwanted
frequency component at the input RF signal frequency, which
affects the phase of the output RF signal formed by the beating
of the carrier and the first order sideband. The phase imbalance
can be compensated by biasing the DDMZM away from the
quadrature point. Fig. 5(b) shows the required bias angle away
from the quadrature point to obtain two output RF signals with
a quadrature phase difference. Note that biasing the DDMZM
away from the quadrature point affects the two output RF signal
powers. In the case where α(fc±fRF) = 37 dB and mRF = 0.6, a
bias angle of 80.5° is needed to ensure the two output RF signals
have a π/2 phase difference. This causes 0.8 dB RF signal power
reduction at the two Hilbert transformer outputs.

The DPMZM based MPHT phase imbalance as a function
of the amount of unwanted first order sideband suppression
α(fc±fRF) can be obtained using (15) and (16). The simulation
result given in Fig. 6(a) shows the phase imbalance is below
3° when α(fc±fRF) is larger than 32 dB. Fig. 6(b) shows the
required bias angle of the main MZM away from 45° in order
to eliminate the phase imbalance caused by the residual first
order sideband. As shown, less than 1° main MZM bias angle
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Fig. 7. Simulated fundamental to second order harmonic power ratio of the
DDMZM (blue lines) and DPMZM (red lines) based MPHTs versus modulation
index, for 20 dB (dashed lines) and 35 dB (solid lines) unwanted first order
sideband suppression.

away from 45° is needed to ensure the two Hilbert transformer
output RF signals have a quadrature phase difference when the
unwanted first order sideband suppression is over 35 dB. Fig. 7
shows the ratio of the output RF signal power to the output
second order harmonic power for the two MPHTs. It can be
seen from the figure that the DPMZM based MPHT has a high
fundamental to second order harmonic power ratio compared
to its DDMZM counterpart. In the case of the DPMZM based
MPHT, the second order harmonic component increases as the
amount of unwanted first order sideband suppression reduces.
On the other hand, the residual first order sideband has little
effects on the DDMZM based MPHT output second order har-
monic component. Over 10 dB fundamental to second order har-
monic power ratio improvement can still be obtained using the
DPMZM structure for only 20 dB unwanted first order sideband
suppression and a modulation index of above 0.2. Note from
Fig. 7 that, in the case of 35 dB unwanted first order sideband
suppression, the DPMZM based MPHT has a high fundamental
to second order harmonic power ratio when the modulation index
is around 0.65. This is because the second order harmonic is
generated by the sum of the beating between the wanted first
order sideband and the third order sideband, and the beating
between the two first order sidebands, at the photodetector.
(17) and (18) show the two generated second order harmonic
components have an opposite phase, and their amplitudes are
proportional to J1(mRF)J3(mRF) and �α(fc±fRF)·J12(mRF).
J1(mRF)J3(mRF)-�α(fc±fRF)·J12(mRF) is almost 0, i.e., the
two second order harmonic components cancel out each other,
when the amount of unwanted first order sideband suppression
is 35 dB and the modulation index is around 0.65. Therefore a
high fundamental to second order harmonic power ratio can be
obtained under this condition.

The proposed DDMZM and DPMZM based MPHTs have the
advantages of simple, compact and low-cost compared to the
reported MPHTs [4]–[8]. They are both based on introducing a
phase shift to the optical carrier via controlling the modulator
bias voltage and separating the upper and lower sidebands
via a WDM. To the best of our knowledge, using this simple
technique to implement a MPHT has not been reported. The
DDMZM based MPHT only requires a single DC bias voltage. A
commercial bias controller, e.g., Plugtech MBC-MZM-01 MZM

Fig. 8. Experimental setup of the DDMZM based MPHT.

bias controller, which has the ability to lock the modulator at
any point in the transfer function, can be incorporated into the
system to obtain a long term stable performance. The DPMZM
based MPHT requires three DC bias voltages. A more complex
bias controller is needed to lock the modulator bias points [16].
However, compared to the DDMZM based MPHT, the DPMZM
based MPHT has the advantages of modulation index indepen-
dent phase imbalance performance and a small second order
harmonic component. The magnitude response of a practical
WDM has a limited edge roll off. Hence the unwanted first order
sideband can only be largely suppressed at high frequencies. In
order for the proposed MPHTs to operate at low frequencies,
e.g., <20 GHz, while having small phase imbalance, the WDM
can be replaced by an optical coupler followed by two sets
of three cascaded thin film optical filters [17] to increase the
sharpness of the overall magnitude response edges. Since the two
proposed MPHTs do not involve electrical components, their
upper operating frequencies are only limited by the optical mod-
ulator bandwidth, which can be made to be over 100 GHz [18].

Commercial wideband electrical hybrid couplers have a large
phase imbalance. For example, Marki Microwave QH-0867 8
to 67 GHz bandwidth hybrid coupler has a maximum phase
imbalance of ±18° [19]. The phase imbalance of an electrical
hybrid coupler is mainly caused by small transmission line
length asymmetries between the two output ports [20]. It tends
to get worse at higher frequencies. Since the proposed MPHTs
do not involve electrical components, they can be designed to
have a small phase imbalance over a wide frequency range. They
also have infinite isolation between the two output ports whereas
the wideband electrical hybrid coupler only has around 15 dB
isolation. The phase imbalance of the DDMZM and DPMZM
based MPHTs is limited by the amount of the unwanted first
order sideband suppression and the accuracy of the modulator
bias setting. Plugtech MBC-MZM-01 MZM bias controller can
lock the modulator bias angle to be within ±1° of the desired
value. Simulation results show, for a large unwanted sideband
suppression of over 40 dB and a modulator bias angle accuracy
of ±1°, the phase imbalance of the DDMZM based MPHT is
less than ±2°.

IV. EXPERIMENTAL RESULTS

The DDMZM based MPHT was set up experimentally as
shown in Fig. 8. A tunable laser (Keysight N7711A) was em-
ployed as an optical source. It generated a continuous wave light,
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Fig. 9. (a) Measured optical spectrum at the DDMZM output. (b) Measured
optical spectrums at two WDM channel outputs (solid lines). The blue dashed
lines are the two WDM channel magnitude responses.

which was launched into a DDMZM (Fujitsu FTM7937) via
a polarisation controller (PC). The DDMZM was biased close
to the quadrature point. A four-channel standard WDM (AFW
DWDMM-SM-D-4-1-CH31) was connected to the DDMZM
output. The tunable laser wavelength was set at 1552.29 nm,
which was the midpoint of two WDM channels (CH31 and
CH32). The two WDM channels had a channel spacing of 0.8
nm, a 3-dB bandwidth of 0.6 nm and a channel isolation of
over 25 dB. The insertion loss of the two WDM channels were
measured to be around 2 dB. Fig. 9(a) shows the DDMZM
output optical spectrum consists of a carrier and two pairs of
upper and lower RF modulation sidebands when a 15 GHz RF
signal was applied to a DDMZM RF port. Fig. 9(b) shows
the normalised magnitude responses of two WDM channels
around the optical carrier. It can be seen from the figure that
the two WDM channel response edges are not sharp, and they
have different roll offs. The two WDM channel output optical
spectrums were measured and are shown in Fig. 9(b). This shows
the WDM causes 10 dB suppression on the optical carrier. The
lower and upper first order RF modulation sidebands at the
frequency of ±15 GHz away from the optical carrier have 24 dB
and 30 dB suppression respectively. Note that the tunable laser
has frequency stability of ±0.3 GHz. Using the edge roll off of
the two WDM channel magnitude responses shown in Fig. 9(b),
±0.3 GHz change in the tunable laser frequency causes less
than 0.5 dB change in the carrier and sideband power at the
two WDM channel outputs, which has negligible effect on the
MPHT phase imbalance performance. A variable optical delay
line (VODL) was connected to WDM CH31 output to match the
two WDM channel output path lengths. An erbium-doped fibre
amplifier (EDFA) and a 0.5 nm 3-dB bandwidth optical filter
were used to compensate for the modulator and WDM insertion
loss and to suppress the amplified spontaneous emission noise
before photodetection.

An 18 GHz bandwidth two-port vector network analyser
(VNA) (Keysight E5063A) was connected to an input RF port
of the DDMZM to provide a frequency sweep 6 GHz to 18 GHz
RF signal to the modulator. The other port of the VNA was
connected to the photodetector output to measure the output RF
signal phase and amplitude responses. The phase and amplitude
responses measured at one of the DDMZM based MPHT outputs
were calibrated and were used as references. They are shown

Fig. 10. (a) Phase and (b) amplitude responses of the DDMZM based MPHT
measured at WDM CH31 (black dashed line) and CH32 (red solid line) output.
The blue dotted line is the simulated phase difference between the two Hilbert
transformer outputs.

Fig. 11. (a) Phase and (b) amplitude responses of the DDMZM based MPHT
measured at WDM CH31 (black dashed line) and CH32 (red solid line) output,
when the two WDM channels have a slight path length difference. The blue
dotted line is the simulated phase difference between the two Hilbert transformer
outputs.

by the black dashed lines in Fig. 10. The phase and amplitude
responses of the other Hilbert transformer output were measured
and are shown by the red solid lines in Fig. 10. Due to the WDM
magnitude response has a gradual edge roll off and the VNA used
in the experiment has only 18 GHz bandwidth, phase imbalance
of less than 3° can only be obtained in a small frequency
range of 17.7 to 18 GHz. Fig. 10(a) also shows the simulated
phase difference between the two Hilbert transformer outputs
for different RF signal frequencies. This was obtained using
(4)-(7) together with the amount of unwanted first order sideband
suppression found from the edge roll off of the two measured
WDM channel magnitude responses shown in Fig. 9(b). The
phase difference was plotted over a wide frequency range up to
40 GHz because the upper operating frequency of the DDMZM
based MPHT is only limited by the DDMZM bandwidth and
most commercial wideband optical modulators have a 40 GHz
bandwidth. Excellent agreement between the measured and
simulated phase difference can be seen. The figure shows the
phase imbalance is expected to be less than 1.5° for RF signal
frequencies of above 20.8 GHz. Fig. 10(b) shows the amplitude
imbalance between the two Hilbert transformer outputs is within
±0.5 dB over the 6 to 18 GHz frequency range.

It was found that the phase imbalance can be reduced at
low frequencies by introducing a slight path length difference
between the two WDM channels via adjusting the VODL. Fig. 11
shows the measured phase and amplitude responses at the two
Hilbert transformer outputs when the two WDM channels have
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Fig. 12. Measured optical spectrums after the TOBPF when the filter centre
wavelength is adjusted to filter out the lower (green line) and upper (red line)
sidebands. The blue dashed lines are the corresponding TOBPF magnitude
responses.

Fig. 13. (a) Phase and (b) amplitude responses of the DDMZM based MPHT
measured at WDM CH31 (black dashed line) and CH32 (red solid line) output,
when the TOBPF is used to filter out the unwanted sidebands.

a slight path length difference. In this case, less than 3° phase
imbalance can be obtained over a frequency range of 10.4 GHz
to 18 GHz. The amplitude imbalance is within ±0.3 dB over
the entire 6 to 18 GHz frequency range. Fig. 11(a) also shows
the simulated phase difference between the two Hilbert trans-
former outputs for the two WDM channels having a 0.92 mm
path length difference. Again, excellent agreement between the
measurement and simulation result can be seen.

To demonstrate the DDMZM based MPHT has the ability to
generate in-phase and quadrature phase RF signals over a wide
frequency range using the available equipment, the WDM was
replaced by a tunable optical bandpass filter (TOBPF) (Alnair
Lab BVF-300CL) that had a sharp edge roll off of 12 dB/GHz.
The TOBPF can largely suppress the unwanted first order side-
band at frequencies of few GHz away from the optical carrier.
The dashed lines in Fig. 12 show the TOBPF magnitude response
required to filter out the unwanted lower and upper sidebands at
the DDMZM output. The corresponding TOBPF output optical
spectrums when the DDMZM is driven by a 15 GHz RF signal
and the modulation index is 0.4, are also shown in the figure.
Based on the TOBPF magnitude responses shown in Fig. 12,
over 40 dB suppression in the unwanted first order sidebands at
the frequency of ±6 GHz away from the optical carrier can be
obtained. Fig. 13 shows the phase and amplitude responses of
the DDMZM based MPHT when using the TOBPF to largely
suppress the unwanted sidebands. As shown, the two Hilbert
transformer outputs have less than ±1° phase imbalance and
less than ±0.3 dB amplitude imbalance in the 6 to 18 GHz

Fig. 14. (a) Measured optical spectrum at the DPMZM output. (b) Measured
optical spectrums after the TOBPF when the filter centre wavelength is adjusted
to filter out the lower (green line) and upper (red line) sidebands. The blue dashed
lines are the corresponding TOBPF magnitude responses.

Fig. 15. (a) Phase and (b) amplitude responses of the DPMZM based MPHT
measured at WDM CH31 (black dashed line) and CH32 (red solid line) output,
when the TOBPF is used to filter out the unwanted sidebands.

frequency range. This demonstrates that the proposed structure
can generate in-phase and quadrature phase RF signals with
small phase and amplitude imbalance over a wide frequency
range.

To demonstrate the DPMZM based MPHT, the DDMZM
shown in Fig. 8 was replaced by a DPMZM (Sumitomo
T.SBXH1.5-20PD-ADC). A 15 GHz RF signal was applied to
the RF port of MZMA inside the DPMZM. MZMB RF port
was terminated by a 50 Ω terminator. Two DC power supplies
were used to provide DC bias voltages to the DPMZM. MZMA

and MZMB were biased at the null point and the peak point
respectively. The DC voltage into the main MZM of the DPMZM
was adjusted so that the main MZM bias angle was around 45°.
Fig. 14(a) shows the DPMZM output optical spectrum for 0.3
modulation index. An optical carrier and a pair of first order
sidebands can be seen. The DPMZM output was connected to
the TOBPF. The TOBPF centre wavelength was adjusted to
remove the unwanted sidebands. Fig. 14(b) shows the TOBPF
magnitude responses and the corresponding optical spectrums
at the TOBPF output. The output of the TOBPF was connected
to the EDFA, the 0.5 nm 3-dB bandwidth optical filter and the
photodetector as in the DDMZM based MPHT. Fig. 15 shows the
phase and amplitude responses measured on the VNA connected
to the photodetector output. The measurement shows the phase
imbalance is within ±1.5° over the 6.3 to 18 GHz frequency
range. As shown in Fig. 15(b), the amplitude imbalance is within
±0.35 dB.

The nonlinearity of the two proposed MPHTs was inves-
tigated. This was done by applying a 10 GHz RF signal to
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Fig. 16. (a) DDMZM and (b) DPMZM based MPHT output electrical spec-
trums.

Fig. 17. Measured (dots) and simulated (lines) DDMZM and DPMZM based
MPHT fundamental to second order harmonic power ratio versus modulation
index.

the DDMZM and DPMZM based MPHTs and measuring the
output RF signal power and the second order harmonic power.
The WDM with magnitude responses shown in Fig. 9(b) was
connected to the modulator output to suppress the unwanted
sidebands. The power of the input RF signal and the gain of
the EDFA connected to the WDM output were adjusted so that
the modulation index was 0.4 and the average optical power
into the photodetector was 8 dBm for the two MPHTs. Fig. 16
shows the two MPHT output electrical spectrums. This shows
the two MPHTs have almost the same output RF signal power
but the fundamental to second order harmonic power ratio of the
DDMZM and DPMZM based MPHT is 22.8 dB and 33.2 dB
respectively. The results indicate that the DPMZM based MPHT
has 10.4 dB improvement in the second order harmonic suppres-
sion compared to the DDMZM based MPHT. The fundamental
to second order harmonic power ratios of the two MPHTs were
measured when the modulation index changed from 0.05 to 0.8.
Fig. 17 shows the measurements together with the simulated
power ratios obtained using 20 dB unwanted first order sideband
suppression, which is close to that found from the WDM mag-
nitude responses. Close agreement between the measured and
simulated power ratios can be seen. The second order harmonic
generated by the DPMZM based MPHT is around 10 dB less
than that generated by the DDMZM structure. Finally, the WDM
in the DDMZM and DPMZM based MPHTs was replaced by
the TOBPF. Since the TOBPF magnitude response has a sharp
edge roll off, the unwanted first order sideband at the frequency
of 10 GHz away from the optical carrier is largely suppressed by
the TOBPF. Fig. 18 shows the output electrical spectrums of the
two proposed MPHTs. As shown in the figure, the fundamental

Fig. 18. (a) DDMZM and (b) DPMZM based MPHT output electrical spec-
trums when the TOBPF is used to filter out the unwanted sidebands.

to second order harmonic power ratio of the DDMZM based
MPHT is 22.2 dB, which is almost the same as that when using
the WDM for unwanted sideband suppression. On the other
hand, the DPMZM based MPHT fundamental to second order
harmonic power ratio is 42.4 dB, which is around 10 dB higher
than that when using the WDM. This shows, when the unwanted
first order sideband is largely suppressed, the DPMZM based
MPHT generates very small second order harmonic compared
to the DDMZM based MPHT.

V. CONCLUSION

Two new MPHTs have been presented. They are based on
using a DDMZM or a DPMZM for RF signal modulation,
and a WDM to separate the lower and upper sideband before
photodetection. In-phase and quadrature phase RF signals can be
obtained by designing the modulator bias angles. Effects of the
residual first order sidebands and the higher order sidebands on
the output RF signal phase difference and the Hilbert transformer
nonlinearity have been analysed. A commercial modulator bias
controller can be incorporated into the DDMZM based MPHT
to obtain a long-term stable performance. The phase difference
of the two output RF signals generated by the DPMZM based
MPHT is independent to the modulation index. Experimental
results demonstrate, when the unwanted first order sideband is
largely suppressed, the DDMZM based MPHT has less than±1°
and ±0.3 dB phase and amplitude imbalance respectively over
the 6 to 18 GHz frequency range. The phase and amplitude
imbalance slightly increase to ±1.5° and ±0.35 dB for the
DPMZM based MPHT. However, experimental results show the
DPMZM based MPHT has a high fundamental to second order
harmonic power ratio of 42.4 dB, which is 20 dB higher than
that of the DDMZM based MPHT.
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