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frequency shifting using cascaded silicon
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Abstract— A frequency conversion mixer or single side band
modulator using two cascaded MZM is proven experimentally.
The operation of the circuit is modelled by a transfer matrix
approach and verified by simulation in support of the experiment.
A 10 GHz shift of the optical carrier in both left and right direction
is demonstrated. The residual sideband suppression relative to the
enhanced sideband is 22 dB for the best cases. Numerical analysis
shows that the circuit has 3-dB optical and 3-dB electrical intrinsic
advantage over the functionally equivalent DP-MZM.

Index Terms—MZM, SSB, SSB-SC, Silicon photonics, Photonic
integrated circuit.

. INTRODUCTION

EFFICIENT single side band suppressed carrier (SSB-SC)
modulation technology for frequency conversion or
shifting is a growing need and fundamental to radio frequency
photonic systems. Starting from the very first demonstration [1]
of an integrated SSB modulator based on a Ti-diffused LiNbO3
optical waveguide circuit driven by an in-phase (I) and
quadrature (Q) signal at 2 GHz, there has been a plethora of
publications [2-9] describing different techniques for obtaining
the desired functions. All the architectures presented in
references [1-5, 7-9] use circuits of Mach-Zehnder Modulators
(MZM). Typically, pairs of electro-optic phase modulators are
combined to form an MZM. A dual-drive MZM (DD-MZM) is
used in [2, 4] to generate the SSB-SC modulation. In this
scheme, the optical carrier is modulated by the in-phase and
quadrature component of the RF drive signal. However, a dual-
parallel Mach Zehnder Modulator (DP-MZM) is the most
widely used solution because of its superior carrier and
sideband suppression [3,5,7-9]. In this scheme, two child MZM
are biased at the minimum transmission point (MITP) while the
parent MZM is kept at the quadrature bias point (QTP). Then
the I and Q components of the RF signal are applied to the two
child MZM. The use of the intrinsic phase relationship between
ports of a 1x 3 multimode interference coupler (MMI) has been
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proposed for selective suppression of unwanted harmonics [6].
A notable advance on the design of the desired function is
presented in [7] and a DC bias-less and filter-less scheme based
on MMI couplers has been reported [8]. A silicon-based DP-
MZM architecture for 1 GHz frequency shifting is reported in
[9]. All these architectures are directly equivalent to a single
stage generalized Mach-Zehnder Interferometer (GMZI)
circuit: an 1 x N splitter directly interconnected to a N x 1
combiner via an array of N linear electro-optic phase
modulators. A search for a two-stage cascaded architecture
capable of performing SSB was inspired by a publication on
frequency multiplication [10]; a cascaded MZM structure
requires 3-dB less RF power than the functionally equivalent
parallel architecture. Finally, a cascaded MZM architecture
capable of performing 1-Q and/or SSB modulation with 6-dB
intrinsic advantage (3-dB electrical and 3-dB optical) was
proposed and verified by simulation in [11]. An alternative
implementation based on polarization modulators was reported
in [12]. This letter reports the test and measurement of a
prototype cascaded MZM architecture on a silicon photonics
platform that proves experimentally the proposed architecture
and theoretical predictions disclosed in [11]. The three-stage
cascaded MZM architecture was designed to be used as an
optical digital-to-analog converter for high baud rate PAM
transmission. It was fabricated on the same multi project wafer
(MPW) run, and with the same RF transmission line design, as
the single MZM with segmented electrodes in [13]. The details
of the fabrication technology of the silicon photonic chip and
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Fig. 1. Schematic diagram of the photonic integrated circuit architecture
and experimental arrangement; OSA, optical spectrum analyzer; TED,
tunable electrical delay; DC, direct current; CW, continuous wave.
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the electrode electro-optic (E/O) characterization can be found
in [13]. Ideally, the present demonstration of SSB generation
would have required a two-stage cascaded MZ structure.
Consequently, the three stage MZM, readily available in our
laboratory, was adapted for this application by appropriate
tuning of the exit stage.

Il. PRINCIPAL OF OPERATION

Fig. 1 shows the schematic of the fabricated circuit architecture
used for the experimental verification. The originally proposed
circuit architecture consisting of two cascaded MZM is
highlighted in the schematic. It can be seen that the original
architecture is identical to the fabricated chip except for the last
stage MMI. The novelty of the circuit architecture is the
coupling between the two MZM used. A 2x2 MMI is used as
the exit coupler of the 1st MZM and entrance coupler for the
2nd stage MZM. Thereby creating special coupling and phase
bias. Since there is no unused port between the stages, the
optical insertion loss is reduced by 3 dB from the orthodox
arrangements given that the phase modulators are lossless (or
negligible loss) and equal in length for both cascade and parallel
cases. For lossy modulators, the optical advantage will be
reduced by the attenuation of the additional stage. However, the
architecture has less intrinsic loss due to reduced (halved)
number of splitters and combiners. An additional 90° optical
phase shift is required in both the stages for the target
application. Each light path is modulated twice (1% stage & 2"
stage) in this architecture, so the RF power required to achieve
a specified phase modulation magnitude is 3-dB less than the
RF power required for the same phase modulation by a parallel
MZM architecture, which modulates each light path only once.
Hence, the proposed circuit is 6-dB (3-dB optical and 3-dB
electrical) advantageous in principle.

To implement the same function using the three stage MZM,
the 90° optical phase bias is applied in the 3™ stage instead of
the 2" stage as in the original design. The in-phase and
quadrature-phase RF signal is applied to the 1% stage and 2"
stage respectively. The 2 x 2 MMI present in the fabricated
chip are identical in design as in [14]. A thermo-optic phase
shifter is present in each of the arms between stages. The
modulator was fabricated at IME A*star on the same run and
with the same electrode design as the segmented MZM in [13].
The phase-shifter length of the first two stages is L=1500 um
and 2L=3000 um for the third stage, for a total phase shifter
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Fig. 2. Normalized E/O |S,4| for 2000 um long phase shifter with reverse
bias voltages from 0 to 8 V. Adapted with permission from [1] © The
Optical Society.

length of 6 mm (compared to 3.5 mm in [13]). The MZM is
designed to be driven in a push-pull (PP) configuration. A 50 Q
termination is used in the MZM for impedance matching with
the RF drivers. Deep UV photolithography is used to fabricate
the modulator. The BOX thickness was 3um, whereas a top-
silicon layer of 200 nm was used in the wafer. The width of the
modulator ridge waveguide is 500 nm; whereas slab thickness
is 90 nm [13]. Figure 2 shows the E/O characterization of the
modulator with a length of 2000 um. The 3-dB bandwidth of
the modulator is found to be ~38 GHz. However, the bandwidth
of the 1500 um phase shifter will be greater than 38 GHz due
to low microwave loss and reduced velocity mismatch between
the optical and electrical wave.
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Fig. 3. Functional diagram; (a) originally proposed circuit; (b) circuit
adopted for experimental demonstration; PP, push-pull.

Neglecting the propagation delay between the stages the
functional diagram (Fig. 3) may be represented by transfer
matrices. The output of the originally proposed circuit can be
written:

1
Eo = EK3P2T2K2T1P1K1E1' (1)
where:
11 —i
K= E[—i 1

describes a 2x 2 MMI; and P;, P, describe the static optical
phase shifts applied in the 13 & 2" stage MZM, respectively.
Here, E; and E, are 2 x 1 column vectors. The choice of input
and output port is determines which of their two elements is
chosen as non-zero. Given an upper port input for upper
sideband (USB) or lower sideband (LSB) modulation with
upper (UEP) or lower (LEP) exit port:

_[¢ O , o
Pl_[o 1](USB) ’ Pl_[o i](LSB)
_ri o , o
PZ_[O 1](UEP) ’ PZ_[O i](LEP)
and:
_ elv1 0 _ elv2 0

describe the 1% & 2" stage optical phase modulators. Here:
Y; =7 Uj/Un 2

is the optical phase shift induced by the RF signal v; and v, is
the half-wave voltage of the phase modulators. Simplifying (1)
gives:

Ey = (1/\/5)1'[5“1((91 + @2) + isin(@; — @3)]E; €))
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Setting:
V=V & v,= 4)
then for |v,], | vo| < v,
E,/E; = (n/vn)(v, + in) exp(im/4) (5)

demonstrating that circuit performs I-Q modulation.

The implementation of the same function using a three-stage
cascaded MZM is not as straight forward as described in the
preceding. The second stage optical phase shift is applied in the
3 stage to ensure the quadrature operation of the final stage
MZM. On the other hand, the | and Q signals are applied in the
1% stage and 2" stage MZM as per the originally proposed
architecture. The total transmission may be written as:

Eo/Ei = (1/4)K4P3K3T2K2T1P1K1 (6)
where P;,P, are chosen as before. Equation (6) simplifies to:

Eo/E; = (1/2)i[sin(@; + ¢3) + isin(e; — ¢3)] (7
Equation (7) is identical to (3) except for the reduction of the
optical amplitude by a factor of 1/v/2 due to the redundant 3

stage of the photonic integrated circuit used. In the case of an
applied RF-signal of the form:

v1(t) = vgrcos(wt) & v,(t) = vgp sin(wt) (8)

The circuit provides lower sideband modulation or frequency
down conversion. By interchanging the drive signals, one can
obtain frequency up-conversion or upper side band modulation.
Hence, the circuit works as electro-optic up/down conversion
mixer or frequency shifter. Invoking the Jacobi Anger
expansion, Eq. (7) may be rewritten:

Ey/E; = Z(—l)"]2n+1(m) exp [i(—l)n(Zn -1 (wt — %)]
n=0
9)

where, ], is the Bessel function of the first kind of order v and
m = 21 vgp /vy (10)

is the modulation index. The pre-factor +/2 confirms the 3-dB
electrical advantage of the proposed architecture in comparison
to circuits presented in [5, 8-9]. The 3-dB optical advantage is
not realised because of the presence of the third stage. However,
the original design confirms the 3-dB optical advantage as well.
It can be understood from (9), that all the even harmonics are
suppressed including the carrier. The principal sidebands are -
1, +3, and -5.

Il. RESULT

The circuit architecture proposed is validated by the industry-
standard software tool (VPIphotonics™) and laboratory
experiment. In the simulations, a 1540 nm CW-DFB laser
having power of 0 dBm is used as the optical input. All the
MMIs are configured to have more than 1° phase error and 1%
power imbalances. A 10 GHz RF source having peak amplitude
of vgr = 0.1v,; V (m~0.44 as per (10)) and appropriate phase
shift is chosen to emulate the experiment. Fig. 4 shows the
simulated optical spectrum of the frequency shift operation. In
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Fig. 4. Simulated optical spectrum; Ideal, refers to the exact optical phase
shift between the stages and Non-ideal represent slight detuning from the
ideal. The optical noise floor is determined by the laser linewidth.

the laboratory experiment, the coupling and on-chip loss is
found to be 25 dB (~16 dB coupling loss and ~9 dB on-chip
loss). The 9 dB on-chip loss is in agreement with the loss value
(5 dB) reported in [13] considering the longer phase shifters and
routing waveguides, and the presence of two additional MMI.
However, the coupling loss is 4 dB higher (16 dB vs 12 dB) due
to a non-optimum fiber array. Hence, a 25-dB attenuator is used
in the simulated circuit to account for the coupling and on-chip
loss. Note that state-of-the-art silicon photonic modulators can
be designed with lower than 1 dB of coupling loss using edge
couplers [15], subwavelength gratings [16], or photonic wire
bonding [17].

The theoretical analysis of the circuit architecture is
relatively straightforward; however, achieving the correct
quiescent operating point experimentally is complicated by
imbalance of the optical path lengths in the different stages of
the test architecture and other impairments due to fabrication
errors. Nevertheless, thermo-optic phase shifters are present in
every stage for appropriate phase tuning. Firstly, a DC
characterization was performed with the assistance of the
algorithm presented by Wilkes et al [18]. Using the algorithm,
the extinction ratio at the upper output port is maximized to
greater than 40 dB. The lower port extinction is improved
similarly. The algorithm works on the principle that the first
stage MZI acts as a variable beam splitter and the last stage MZ|I
acts as a variable beam combiner while the complete circuit acts
as a single MZI controlled by the phase shifters in the central
stage. The high extinction at the upper output port ensures that
the complete circuit acts as an ideal MZI; when the second stage
phase shifter is adjusted to maximized transmission, the optical
input to the upper input port exits only from the upper output
port. Following the achievement of this bias state an additional
90° optical phase bias is applied at the 1% stage and 3" stage to
achieve the correct bias state for single sideband modulation. A
fine tuning of the bias voltages is required for proper operation.
A laser source providing 0 dBm power at a vacuum wavelength
of 1540.01 nm was used as the optical input. An Anritsu 3695C
RF signal generator was used as RF signal source. A 10 GHz
sinusoid having power of 18 dBm was used as the analog RF
input to the circuit. A 90° RF hybrid coupler from Krytar (model
3014320; 1.4-32 GHz) was used to create the in-phase (1) and
quadrature-phase (Q) channels. The insertion loss of the hybrid
is about 3.5 dB, while the amplitude imbalances and phase
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Fig. 5. Measured optical spectra for (a)g up[per)side band (USB) and lower

side band modulation (LSB); (b) upper side band modulation for two

different RF frequency. A resolution bandwidth of 0.02 nm is used for

measurement.
imbalances are +1.55 dB and +12° respectively. A mechanical
phase shifter from API technologies (OPS -0002) was used in
one of the arms at the output of the hybrid coupler for fine
tuning of the phase of the RF signal. The insertion loss of the
device was 3-5 dB. Finally, the RF signal was applied to the RF
pad of the circuit using a RF probe. The RF coaxial cable
connected between the RF probe and the 90° hybrid added a
further 2-3 dB of loss. Fig. 5 (a) shows the measured frequency
down-conversion (green) from the upper output port. The bias
voltages at the thermo-optic phase shifters are 5.10 V, -3.24 V
and 3.20 V for the 1%t stage, 2" stage and 3 stage respectively.
The optical spectra show that a side harmonic suppression ratio
of more than 20 dB can be obtained by fine tuning of the bias
voltages. Frequency up- conversion (orange) is obtained from
the same output port when the input optical signal is changed
from upper input port to the lower input port. For the identical
bias voltages, the side harmonic suppression is reduced to some
extent from the previous case. The modulation index is ~ 0.35-
0.40, far from the peak (m =~ 2) of the first harmonics. A low
v, modulator can be used to improve the conversion efficiency.
Fig. 5 (b) shows the output optical spectra for 10 GHz and 8
GHz RF signal. Since the chip was not wire bonded, and there
is no heat sink to stabilize the temperature, slight variation in
the optical spectra were observed due to thermal drift of the bias
point. Nevertheless, a side harmonic suppression ratio of 15 dB
or more is obtained in all cases.

IV. CONCLUSION

In summary, the experimental verification of a previously
proposed two stage cascaded circuit architecture for single side
band modulation was performed. A three-stage cascaded circuit
architecture fabricated for high baud rate PAM transmission
was adapted for the experimental demonstration. The
experimental result shows that, the circuit can perform SSB
modulation with a side harmonic suppression ratio of at least 15

dB or more. Careful design and experiment are required to
improve the performance further. However, it is now proven
that a two-stage cascaded MZM can be used for SSB and/or |-
Q or complex modulation with greater energy efficiency. The
device was fabricated using CMOS compatible silicon
photonics technology.
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