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Abstract

A multi-functional photonic circuit implemented on silicon on insulator (SOI) platform is reported. Eight phase modulators

are connected to provide four Mach-Zehnder interferometer structure in parallel. Multimode interference couplers are used

as the splitter/combiner of the MZI structures to provide static DC bias. This architecture generates two principle spatially

separated 1st order harmonics from a single light source, which may be collected from separate ports without using any optical

demultiplexing filters which permits remote heterodyning. A carrier suppression of >20 dB and spurious sideband suppression

> 12 dB relative to the principle harmonics is achieved with bias voltage tuning only. In addition to the frequency conversion,

the circuit can also perform as a sub-carrier generator, IQ modulator and frequency multiplier.
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Abstract: 

A multi-functional photonic circuit implemented on silicon on insulator (SOI) platform is reported. Eight 

phase modulators are connected to provide four Mach-Zehnder interferometer structure in parallel. 

Multimode interference couplers are used as the splitter/combiner of the MZI structures to provide static 

DC bias. This architecture generates two principle spatially separated 1st order harmonics from a single 

light source, which may be collected from separate ports without using any optical demultiplexing filters 

which permits remote heterodyning. A carrier suppression of >20 dB and spurious sideband suppression > 

12 dB relative to the principle harmonics is achieved with bias voltage tuning only. In addition to the 

frequency conversion, the circuit can also perform as a sub-carrier generator, IQ modulator and frequency 

multiplier.  

Introduction: 

The ever-growing data traffic and super broadband services demanded by the end users have led the wireless 

communication network to undergo rapid development in terms of capacity, bandwidth, cost and mobility. 

The low-power, mature lower frequency bands are already congested and offer small capacity in wireless 

communication. On the other hand, the high capacity high frequency wireless system is inherently power 

hungry, costly and imposes complicated coverage schemes. This bottleneck has introduced the radio-over-

fiber (RoF) system as a viable solution for broadband wireless access networks [1-2]. RoF technology can 

exploit the low loss, lower power consumption and broad bandwidth offered by optical fiber communication 

by distributing the radio signals over the optical fiber. Traditionally, RoF employs analogue intensity-

modulated direct detection (IM-DD) optical links [3-4] which is prone to high power consumption, limited 

dynamic range and periodic RF power fading. Hall et al. reasoned that broadband wireless access network 

using distributed antenna system architecture deployed in cluttered urban environments complemented by 

a digital coherent optical RoF link provides an energy efficient solution [5]. The millimeter-wave (mm-

wave) carrier generation at downlink and efficient single sideband (SSB) modulation at uplink are two 

major factors to be considered for improvement of digital coherent optical transport of RF signal [6-8]. 

Numerous researches have been undertaken on photonic mm-wave generation techniques. The simplest 

approach is the heterodyne beating of two phase correlated optical carriers separated in frequency at a high 

speed photo-detector. The conventional methods are based on a dual-mode laser [9], a dual lasers with 

phase locking [10-11] or mode-lock lasers [12] which all suffer low RF coherency or limited tunability. 

External modulation based photonic mm-wave generation techniques are emerging as a feasible candidate 

due to its higher spectral purity, simplicity, stability and low RF frequency requirement [13-15]. A common 

feature of most external modulation based architectures is that the pair of high-order harmonics separated 

by the desired RF carrier frequency is emitted from the same output port. Hence, optical frequency selective 

components such as arrayed wavelength grating (AWG), frequency de-multiplexer are needed to separate 

these sub-carriers in order that they may be modulated individually. This introduces complexity in system 

implementation in terms of tuning, selectivity and temperature sensitivity [16-17].  

Yamazaki et al. demonstrated that a complementary frequency shifter capable of spatial frequency 

separation can be implemented and integrated along with an in-phase quadrature-phase (IQ) modulator to 



obtain separate subcarrier modulation without using any optical frequency de-multiplexer and achieved up 

to a data rate of 400 Gbit/s using dual-polarization (DP) 16-level QAM [18-19]. A digital coherent RoF 

system with downlink utilizing a higher order SSB modulator as a frequency shifter to generate mm-wave 

has been proposed by Hassan & Hall [20]. Their architecture exploits the spatial separation of higher order 

sideband for frequency multiplication and consequently can be operated in a low RF frequency regime.  

The application of a photonic frequency shifter is not limited to a heterodyne light communication system. 

The other sectors where it plays a key role are laser Doppler velocimetry (LDV) and Doppler Lidar systems 

[21-22], high quality multicarrier generation with a recirculating frequency shifting loop [23-24], 

frequency-shifted feedback (FSF) laser [25], true time delay beam steering in frequency domain continuous 

wave (FMCW) radars [26], high-resolution laser spectroscopy [27] and measurements of ultra-high-Q 

photonic crystal nanocavities [28]. Various techniques have been pursued to realize a high-performance 

frequency shifter. Early photonic frequency shifters are based on discrete components [29-31]. To the best 

of the authors’ knowledge, an integrated frequency shifter based on a titanium-diffused LiNbO3 optical 

waveguide circuit was reported for the first time in 1981 [32]. The most conventional method to obtain 

frequency conversion is to use a OSSB modulator followed by filter structure to suppress carrier and/or 

unwanted sideband [33-36]. Its operation is limited by the frequency response of the filter. In addition, the 

optical source, modulator and the filter must be very closely matched in frequency of operation that involves 

temperature control, which is undesirable in terms of energy consumption.  

Mach-Zehnder interferometer (MZI) based frequency conversion has been investigated intensely [32, 37-

40]. Carrier and unwanted sideband suppression by design is possible by applying appropriate RF signals 

with strict relative phase relationship, biasing the MZI structure to proper operating point and/or 

implementing phase-shift elements within the arms of a MZI. The spectral purity can be impaired by any 

imbalance in the mentioned features. Mature LiNbO3 modulator technology is a natural choice for 

frequency shifting purpose as its extinction ratio is relatively high and it can offer a linear electro-optic 

effect with large bandwidth. However, it needs high drive voltage, suffers from severe dc bias drift caused 

by charge screening and dielectric relaxation and is not suitable for large-scale photonic integration. 

Compact footprint can be gained by using the Si platform which can exploit CMOS compatible industry 

standards for optoelectronic integration. With the recent studies on high-speed modulator, Si optical 

frequency converters with excellent performance are emerging. Lauermann et al. demonstrated an 

integrated frequency shifter on a Silicon-Organic Hybrid (SOH) platform with conversion efficiency of -

5.8 dB while suppressing spurious sidebands by more than 23 dB for a frequency range up to 10 GHz [41]. 

Another Si photonic frequency shifter has been reported recently with carrier suppression of 27 dB and at 

least 12 dB sideband suppression at 1 GHz [42]. 

Other methods for frequency conversion includes traveling wave TE/TM mode conversion [43], serrodyne 

translation [44-45] and acousto-optic deflection [30-31, 46-47]. Serrodyne technique can offer high carrier 

and spurious sideband suppression when a sawtooth shaped modulating signal with very small fall time 

(very small percentage of the sawtooth signal period) can be applied. This implies a very high bandwidth 

for the modulator and driving circuit are needed for sufficient spectral purity and high achievable frequency 

shift. In addition, a conventional Si diode modulator cannot be operated with serrodyne signal and so, 

thermo-optic modulation is necessary, which restricts its high frequency operation. Acousto-optic 

modulation depends on the acoustic wave induced refractive index variation which demands delicate phase 

matching. The operation is inherently limited to low frequency and, as Si is not piezoelectric hybridization 

with other material becomes mandatory. All-optical frequency shifting operations based on stimulated 

Brillouin scattering in optical fibers has also been demonstrated [48-49], which are limited by the fixed 

Brillouin frequency of a fiber and a complicated pump wave locking procedure.  

A multi-functional photonic circuit consisting of four differentially driven MZMs in parallel has been 

proposed in [50]. Sub-carrier generation, frequency multiplication, complex modulation and frequency 



conversion can be achieved by the same architecture. Each functionality is associated with a combination 

of MZM biasing, optical phase shifting and RF relative phase relationship which can be obtained by outside 

control. Table 1 describes the conditions for achieving these function. Figure 2 shows the schematic of the 

proposed circuit. In this report, we demonstrate the frequency shifting capability of the proposed 

architecture [50]. The silicon-on-insulator (SOI) platform has been used for the fabrication of the circuit. 

Multimode interference (MMI) couplers are used as the splitter/combiner of the MZI structures to avoid 

DC bias drift problem. Besides, MMI offers wideband operation, less sensitivity to slight fabrication defects 

and low loss. The circuit had been fabricated to prove its implementation feasibility and so, to avoid 

complexity, tuning mechanism had been avoided in the design. The observations obtained from our 

experiments is encouraging for future fabrication with proper tuning mechanism and implementation in the 

digital coherent RoF link of a viable  sub-carrier generator with higher order frequency multiplication at 

downlink and SSB modulator at uplink.  

Table 1: List of parameters necessary to obtain target application (MITP: Maximum transmission point; MITP: Minimum 

transmission point; Complex signal = 𝑉𝐼 + 𝑖𝑉𝑄 ) 

  Sub-carrier  

generation 
Frequency 

conversion/SSB 

modulation 

IQ 

modulation 
Frequency 8-tupling 

MZM DC 

bias point 

MZMA MITP MITP MITP MATP 
MZMB MITP MITP MITP MATP 
MZMC MITP MITP MITP MATP 
MZMD MITP MITP MITP MATP 

Optical phase 

shift 

MZMA π/4 0 0 0 
MZMB 0 0 0 0 
MZMC 2π/4 0 0 0 
MZMD 3π/4 0 0 0 

Modulating 

signal 

MZMA 𝑉𝑅𝐹sin(𝜔𝑅𝐹𝑡) 𝑉𝑅𝐹sin(𝜔𝑅𝐹𝑡) 𝑉𝐼 
𝑉𝑅𝐹cos(𝜔𝑅𝐹𝑡) 

MZMB 𝑉𝑅𝐹sin(𝜔𝑅𝐹𝑡 + 𝜋/4) 𝑉𝑅𝐹sin(𝜔𝑅𝐹𝑡 + 𝜋/2) 𝑉𝑄 𝑉𝑅𝐹cos(𝜔𝑅𝐹𝑡 + 𝜋/4) 

MZMC 𝑉𝑅𝐹sin(𝜔𝑅𝐹𝑡 + 3𝜋/4) 𝑉𝑅𝐹sin(𝜔𝑅𝐹𝑡 + 𝜋/2) 𝑉𝑄 𝑉𝑅𝐹cos(𝜔𝑅𝐹𝑡 + 𝜋/2) 

MZMD 𝑉𝑅𝐹sin(𝜔𝑅𝐹𝑡 + 2𝜋/4) 𝑉𝑅𝐹sin(𝜔𝑅𝐹𝑡) 𝑉𝐼 
𝑉𝑅𝐹cos(𝜔𝑅𝐹𝑡 + 3𝜋/4) 

 

 

Theory: 

The conventional waveguide-based method for frequency shifting utilizing single sideband modulation 

(SSB) by an in-phase/quadrature (IQ) modulator was first described by Izutsu et al. [32]. Their architecture 

consists of a dual parallel Mach-Zehnder modulator (DPMZM) which has two differential MZMs, each on 

one arm of an outer Mach-Zehnder interferometer (MZI) structure. The MZMs are set to their minimum 

Figure 1: (a) Schematic diagram of conventional IQ modulator based optical frequency shifter. The 

MZMs are differentially driven. π/2 optical phase shift is applied to bias the outer MZI to its quadrature 

point (b) Optical spectrum of the corresponding circuit showing frequency shifting of the carrier by the 

RF frequency 30 GHz. Simulation is done using Virtual photonics Inc. (VPI) software package. MZM: 

Mach-Zehnder modulator, OSA: Optical spectrum analyzer, LD: Laser diode 



transmission bias points and act as amplitude modulators. The outer MZI is set to its quadrature bias point 

i.e. one arm has a phase shift of π/2 with respect to the other. Figure 1 shows the architecture and the output 

optical spectrum of this IQ modulator. 

The circuit shown in figure 1(a) can perform the SSB frequency electro-optical up-conversion function if 

an RF electrical signal is applied to the I channel and a π/2 phase-shifted replica of the same RF electrical 

signal is applied to the Q channel. In the ideal situation, each of the Y-splitters has a perfect 3-dB splitting 

ratio which leads to the transmission function of the circuit to be: 

𝑓1(𝑡) =
𝑖

2
{sin[𝑚 cos(𝜔𝑅𝐹𝑡)] + 𝑖 sin[𝑚 sin(𝜔𝑅𝐹𝑡)]}

⟹
𝑓1(𝑡) = 𝑖{𝐽1(𝑚)exp[𝑗𝜔𝑅𝐹𝑡] − 𝐽3(𝑚) exp[−𝑗3𝜔𝑅𝐹𝑡]… }

     (1) 

where 𝑚 = 𝜋𝑉RF 𝑣𝜋⁄  is the modulation index, 𝑣𝜋 is the half-wave voltage of the modulator, 𝐽𝑝 is the Bessel 

function of the first kind of order p and 𝜔𝑅𝐹 is the RF angular frequency. The optical spectrum shown in 

figure 1(b) is achieved for 𝑉RF = 0.1𝑣𝜋. Restricting operation in small signal modulation range results in 

lower conversion efficiency but high side-harmonic suppression [41]. A polarity change at the phase in the 

outer MZI can switch the upper sideband (USB) to lower sideband (LSB) operation. 

Maldonado-Basilio et al. proposed an electro-optical up-conversion mixer which utilizes the intrinsic 

relative phase relationships between the ports of MMI coupler to provide the necessary static phase, 

eliminating the need of static bias, static phase element and trimming [51]. Another photonic frequency 

multiplier circuit uses the same concept of exploiting the phase relationship of input and output signals in 

the MMI coupler to obtain an 8-fold multiplication of the electric local oscillator frequency [52-53]. Mehedi 

Hassan et al. extended the circuits functionality to have dual-carrier complex modulation, sub-carrier 

generation and frequency up-conversion [50]. This photonic circuit consists of eight phase modulator 

situated in the arms between an interconnected 4×8 distribution tree and a complementary 8×4 combination 

tree. The 4×8 distribution tree starts with an outer stage of 4×4 MMI coupler which is followed by an inner 

stage consisting of two parallel pairs of 2×2 MMI couplers. The 8×4 combination tree maintains a reciprocal 

structure of the distribution tree. Four MZI structures can be formed by connecting each pair of phase 

modulators to the inner stage MMIs as shown in figure 2(a). Each MZI configuration can act as an MZM 

when differentially driven. A little modification in the connections between the outer and inner stages at 

the distribution and combination sides which would translate into the bias point reversal converts the 

frequency 8-tupling circuit in [52] to the IQ modulator in [50]. The schematic diagram of the modified IQ 

modulator is shown in figure 2(b). 

To achieve the IQ modulator operation, each MZM is to be biased at its minimum transmission point 

(MITP). This can be maintained by selecting appropriate input and output ports of each MZI which offers 

the necessary static optical phase difference between the arms of MZM due to the intrinsic relative phase 

relationships between the ports of MMI coupler. Figure 2(a) shows the choice of input-output ports for 

which MITP condition for each MZM can be achieved by design. The transfer matrix of individual MZM 

can be expressed as: 

[
𝑏1

𝑏2
] = 𝑇2×2 [

exp(𝑖𝜑1) 0
0 exp(𝑖𝜑2)

] 𝑇2×2 [
𝑎1

𝑎2
]     (2) 

where 𝑇2×2 =
1

√2
[
1 −𝑖
−𝑖 1

] is the transfer matrix of a 2×2 MMI coupler and 𝜑𝑛 is the phase shift applied to 

the nth arm of an MZM. Based on the input/ output ports of each MZM chosen and the phase shift applied 

to drive each MZM differentially, the transmission function of each MZM can be obtained as: 



 

𝑓𝑀𝑍𝑀𝑁
= 𝑖 sin(𝜑𝑁)        (3) 

The four parallel MZMs biased at MITP provide the framework of two parallel IQ modulators. The 

necessary optical phase difference between two MZMs of each IQ modulator can be obtained by a proper 

interconnection between the inner MZM stage and the 4×4 MMI couplers at the outer stages. The detailed 

schematic diagram in figure 2(b) shows a mirror symmetry in terms of circuit connection. Several ways for 

the application of RF inputs satisfying the condition of biasing the outer MZI of each IQ modulator at its 

quadrature point are possible. Figure 2(b) shows one example which retains the mirror symmetry. In this 

architecture, the upper two MZMs form one IQ modulator and the lower two MZMs form the other one. 

The total transfer matrix of the architecture can be expressed as [52]: 

[

𝑂1

𝑂2

𝑂3

𝑂4

] = 𝑖𝑇4×4 [

sin(𝜑𝐴)
0
0
0



0
sin(𝜑𝐵)

0
0



0
0

sin(𝜑𝐶)
0



0
0
0

sin(𝜑𝐷)

] 𝑇4×4 [

𝐼1
𝐼2
𝐼3
𝐼4

]    (4) 

where 𝑇4×4 =
1

√4
[

1
−𝜁


𝜁
1



−𝜁
1


1
𝜁



𝜁
1
1
−𝜁



1
𝜁
−𝜁
1

] is the transfer matrix of a 4×4 MMI coupler. Here, 𝜁 = 𝑒𝑖𝜋 4⁄ . 

Assuming only 𝐼1 to be connected to the optical source and two modulating signals 𝑉1 = 𝑉𝐼1 + 𝑖𝑉𝑄1 and 

𝑉2 = 𝑉𝐼2 + 𝑖𝑉𝑄2 to be applied in such a way that 𝜑𝐴 = 𝜋𝑉𝐼1/𝑣π, 𝜑𝐵 = 𝜋𝑉𝑄1/𝑣π, 𝜑𝐶 = 𝜋𝑉𝑄2/𝑣π and 

𝜑𝐷 = 𝜋𝑉𝐼2/𝑣π, the outputs of the architecture can be expressed as: 

[

𝑂1

𝑂2

𝑂3

𝑂4

] =
𝑖

4

[
 
 
 
 

sin(𝜋𝑉𝐼1/𝑣π) + 𝑖sin(𝜋𝑉𝑄1/𝑣π) + sin(𝜋𝑉𝐼2/𝑣π) + 𝑖𝑠𝑖𝑛(𝜋𝑉𝑄2/𝑣π)

𝜁{−sin(𝜋𝑉𝐼1/𝑣π) − sin(𝜋𝑉𝑄1/𝑣π) + sin(𝜋𝑉𝐼2/𝑣π) + 𝑠𝑖𝑛(𝜋𝑉𝑄2/𝑣π)}

𝜁{sin(𝜋𝑉𝐼1/𝑣π) − sin(𝜋𝑉𝑄1/𝑣π) − sin(𝜋𝑉𝐼2/𝑣π) + 𝑠𝑖𝑛(𝜋𝑉𝑄2/𝑣π)}

sin(𝜋𝑉𝐼1/𝑣π) − 𝑖sin(𝜋𝑉𝑄1/𝑣π) + sin(𝜋𝑉𝐼2/𝑣π) − 𝑖𝑠𝑖𝑛(𝜋𝑉𝑄2/𝑣π) ]
 
 
 
 

[𝐼1]  (5) 

Figure 2: (a) Schematic of the differentially driven MZMs; (b) Schematic diagram of the proposed frequency shifter circuit. Each 

MZM is driven differentially with modulating signals 𝜑𝐴, 𝜑𝐵, 𝜑𝐶 and 𝜑𝐷 respectively. MMI: Multimode interference coupler, 

PM: Phase modulator, MZM: Mach-Zehnder modulator 



For (𝑉𝐼1/𝑣π, 𝑉𝑄1/𝑣π, 𝑉𝐼2/𝑣π, 𝑉𝑄2/𝑣π) ≪ 1, equation (5) can be written as: 

[

𝑂1

𝑂2

𝑂3

𝑂4

] =
𝑖𝜋

4𝑣π

[
 
 
 
 

𝑉1 + 𝑉2

𝜁{(𝑉𝐼2 − 𝑉𝐼1) + (𝑉𝑄2 − 𝑉𝑄1)}

𝜁{(𝑉𝐼1 − 𝑉𝐼2) + (𝑉𝑄2 − 𝑉𝑄1)}

𝑉1
∗ + 𝑉2

∗ ]
 
 
 
 

[𝐼1]        (6) 

where (*) stands for complex conjugate. In the case of a pure tone modulating signal, i.e. 𝜑𝐴 = 𝜑𝐷 =

𝑚 cos(𝜔𝑅𝐹𝑡) and its companion π/2 phase shifted replica, i.e. 𝜑𝐵 = 𝜑𝐶 = 𝑚 cos(𝜔𝑅𝐹𝑡 + π/2), the 

outputs of the architecture can be expressed as: 

[

𝑂1

𝑂2

𝑂3

𝑂4

] = [

−𝑖 ∑ 𝐽2𝑛−1(𝑚){(−1)𝑛 cos[(2𝑛 − 1)𝜔𝑅𝐹𝑡] + 𝑖sin[(2𝑛 − 1)𝜔𝑅𝐹𝑡]}∞
𝑛=1

0
0

−𝑖 ∑ 𝐽2𝑛−1(𝑚){(−1)𝑛 cos[(2𝑛 − 1)𝜔𝑅𝐹𝑡] − 𝑖sin[(2𝑛 − 1)𝜔𝑅𝐹𝑡]}∞
𝑛=1

] [𝐼1]

⟹

[

𝑂1

𝑂2

𝑂3

𝑂4

] = [

𝑖{𝐽1(𝑚)exp[−𝑗𝜔𝑅𝐹𝑡] − 𝐽3(𝑚) exp[𝑗3𝜔𝑅𝐹𝑡]… }
0
0

𝑖{𝐽1(𝑚)exp[𝑗𝜔𝑅𝐹𝑡] − 𝐽3(𝑚) exp[−𝑗3𝜔𝑅𝐹𝑡]… }

] [𝐼1]

   (7) 

It can be observed from equation (7) that for this specific input/output combination and local oscillator 

setting, this photonic architecture performs an electrical to optical frequency up-conversion with the lower 

optical sideband available from output port 𝑂1 and the upper optical sideband available from output port 

𝑂4. In principle, all even order harmonics, including the carrier are suppressed. Among the odd order 

harmonics, for output port 𝑂1, positive orders equal to (2p+1) , with p even, and negative orders equal to   

–(2p+1) , with p odd, are suppressed and vice versa for output port 𝑂4. By energizing other input ports 

individually, the LSB-USB operations shift to other output ports. Interchanging the local oscillator setting, 

i.e. 𝜑𝐴 = 𝜑𝐷 = 𝑚 cos(𝜔𝑅𝐹𝑡 + π/2) and 𝜑𝐵 = 𝜑𝐶 = 𝑚 cos(𝜔𝑅𝐹𝑡) leads the LSB-USB operation to swap 

their respective output ports, maintaining their distinct spatial separation.  

It is possible to remove one IQ modulator completely from the operation by disconnecting the RF local 

oscillators to it. For equal phase shift at both arms of an MZI architecture, it will act as a cross-over if there 

is no external perturbation in phase. From figure 2, it can be observed that all the cross-ports are unused 

which means that any MZI can be cut-off completely at the expense of optical power. Taking 𝜑𝐶 = 𝜑𝐷 =

0 leads the removal of the lower IQ modulator to be from the end-to-end optical path which modifies 

equation (4) to: 



[

𝑂1

𝑂2

𝑂3

𝑂4

] = 𝑖𝑇4×4 [

sin(𝜑𝐴)
0
0
0



0
sin(𝜑𝐵)

0
0



0
0

sin(𝜑𝐶)
0



0
0
0

sin(𝜑𝐷)

] 𝑇4×4[𝐼1]

⟹

[

𝑂1

𝑂2

𝑂3

𝑂4

] =
1

2

[
 
 
 
 

−𝑖 ∑ 𝐽2𝑛−1(𝑚){(−1)𝑛 cos[(2𝑛 − 1)𝜔𝑅𝐹𝑡] + 𝑖sin[(2𝑛 − 1)𝜔𝑅𝐹𝑡]}∞
𝑛=1

𝑒𝑖3𝜋/4 ∑ 𝐽2𝑛−1(𝑚){(−1)𝑛 cos[(2𝑛 − 1)𝜔𝑅𝐹𝑡] + sin[(2𝑛 − 1)𝜔𝑅𝐹𝑡]}∞
𝑛=1

−𝑒𝑖3𝜋/4 ∑ 𝐽2𝑛−1(𝑚){(−1)𝑛 cos[(2𝑛 − 1)𝜔𝑅𝐹𝑡] − sin[(2𝑛 − 1)𝜔𝑅𝐹𝑡]}∞
𝑛=1

−𝑖 ∑ 𝐽2𝑛−1(𝑚){(−1)𝑛 cos[(2𝑛 − 1)𝜔𝑅𝐹𝑡] − 𝑖sin[(2𝑛 − 1)𝜔𝑅𝐹𝑡]}∞
𝑛=1 ]

 
 
 
 

[𝐼1]

⟹

[

𝑂1

𝑂2

𝑂3

𝑂4

] =
1

2

[
 
 
 
 

𝑖{𝐽1(𝑚)exp[−𝑗𝜔𝑅𝐹𝑡] − 𝐽3(𝑚)exp[𝑗3𝜔𝑅𝐹𝑡]… }

√2𝑒𝑖3𝜋/4{−𝐽1(𝑚)cos(𝜔𝑅𝐹𝑡 + 𝜋/4) + 𝐽3(𝑚)cos(3𝜔𝑅𝐹𝑡 − 𝜋/4)}

√2𝑒𝑖3𝜋/4{𝐽1(𝑚)cos(𝜔𝑅𝐹𝑡 − 𝜋/4) − 𝐽3(𝑚)cos(3𝜔𝑅𝐹𝑡 + 𝜋/4)}

𝑖{𝐽1(𝑚)exp[𝑗𝜔𝑅𝐹𝑡] − 𝐽3(𝑚) exp[−𝑗3𝜔𝑅𝐹𝑡]… } ]
 
 
 
 

[𝐼1]

         (8) 



 

It can be seen from equation (8) that frequency shifting utilizing the SSB modulation in one IQ modulator 

can be obtained by the proposed two parallel IQ modulator architecture. Removing a part of the circuit from 

the operation without physically disconnecting it offers a valuable degree of freedom in any photonic 

integrating architecture. Equation (8) verifies that apart from the optical loss, the reduced circuit can still 

offer electric to optical frequency up-conversion with the same spatial specification and spectral purity. 

It can be observed from equation (7) and (8) that the lower and upper optical first-order harmonics are 

conveniently spatially separated and available from output port 𝑂1 and 𝑂4 when only input port 𝐼1 is coupled 

to the optical source. The 3rd order harmonics can be suppressed by properly selecting the RF amplitude. 

This facilitates remote heterodyning for wireless access network using a digital coherent RoF system. One 

of the two harmonics can be modulated by a second IQ modulator and the two harmonics combined and 

propagated through the optical fiber. After its transmission to a high-speed photodetector at the remote 

antenna, the two harmonics beat to produce a modulated RF carrier with a center frequency equal to the 

double of the RF frequency. The multiplication factor is small and so, high RF frequency is needed to access 

the millimeter-wave regime.   

Device fabrication: 

Figure 3(a) and 3(b) show the top-view microscope image and the mask layout of the frequency up-

converter. Device fabrication was performed using the A*Star Institute of Microelectronics (IME) CMOS 

compatible process on a SOI wafer. The SOI wafer has a top Si thickness of 220 nm and buried oxide 

thickness of 2 μm [54]. The circuit consists of four 2×2 MMI-MZMs connected in parallel in between two 

4×4 MMIs.  The large width of the electro-optic modulator stack in comparison to the I/O-end-MMIs 

introduces bends. So, path-length matching becomes a critical design point.  From figure 3(b), it can be 

observed that racetrack method has been applied where concentric circles are used to ensure that each lane 

encounters compensating short and long paths around bends. The absence of any mechanism for efficient 

Figure 3: (a) Top-view microscopic image of the fabricated chip; (b) Mask layout of the device; (c) Cross-sectional diagram of 

the MZI arm 



coupling of light to and from the circuit at the edges of the chip is the primary limiter of functionality in 

terms of insertion loss. 

Each intensity modulator is a Mach-Zehnder interferometer (MZI) with a reverse biased p-n diode structure 

embedded in each of the two arms. The p-n junction is formed at the middle of the Si rib waveguide between 

lightly doped p and n regions which extend to the slab. Figure 3(c) shows the cross-sectional schematic of 

the MZI modulation arms. To ensure good ohmic contact between silicon and metal contacts, two heavily 

doped slab regions are placed away from both sides of the rib edge. The additional optical loss due to 

absorption in the heavily doped region can be taken as negligible due to the choice of rib height-slab 

thickness ratio [54]. After doping, the implanted dopants were activated using a rapid thermal anneal (RTA) 

at 1030o C for 5 seconds. Two level metal system is used for interconnect. Travelling wave electrode based 

on coplanar waveguide structure are formed for the input of modulating signal. No termination impedance 

have been fabricated on the chip or applied in the experiment. 

Experimental result and discussion: 

 

Figure 4: Schematic of the measurement setup. The built-in laser diode of the optical modulation analyzer (OMA) is used as the 

input light source to maintain better coherency at the receiver side. Light is coupled to the access waveguide at the input/output 

ends of the chip utilizing lensed polarization maintaining fiber. DC sources are connected to the RF signals generated from 

arbitrary waveform generator (AWG) via bias tees (BT). Polarization controller (PC) and polarization beam splitter (PBS) are 

used so that only TE is transmitted through the chip. Optical power meter is to observe the stability of the input polarization state.   

The setup used for experimental demonstration of the phase shifter is sketched in figure 4. The built-in laser 

diode of an optical modulation analyzer (Agilent N4391A) is used as the optical source. To maintain 

polarization of the light input to the silicon chip to be TE, a polarization controller (PC) followed by a 

polarization beam-splitter (PBS) is connected between the light source and the DUT. An optical power 

meter (Anritsu ML910B) is used to measure the power of TM component. By adjusting the PC, the TM 

component can be minimized and the stability of the polarization state of the input light can be observed 

and maintained. Lensed fibers are used for input-output coupling. The output of the silicon chip is fed back 

to the OMA which is connected to the digital storage oscilloscope (Infiniium DSO-20-91604A). 

Polarization maintaining fiber is used for all connections. 

Static assessment: To isolate individual MZI’s DC characteristic, it is imperative that the other MZIs on 

the parallel structure are perfectly balanced and biased at their null point. The 4×4 MMIs at the edges should 

also be balanced in terms of splitting ratio and phase relationship. Ideally, from the structure shown in figure 

2(a), the MZIs are biased at their null point by design and due to the equal path length between the internal 

2×2 MMIs, they are acting as a cross-over in the absence of any outside perturbation. But any minute width 



deviation in the high contrast SOI platform due to fabrication tolerance or poor design can create huge 

phase error. So in practice, for SOI one might as well assume every MZI is randomly unbalanced.  

 

Figure 5 shows the variation of optical output power due to the reverse bias voltage change.  Two MZMs 

(MZMA and MZMB) are considered for the DC test and two input-output port combinations (I1→O3 and 

I2→O3) are taken. It can be observed from figure 5(a) that over the range of the bias voltage, the notch in 

the transmission (minimum transmission) for biasing one arm of MZMA corresponds to a flat peak 

transmission (maximum) for biasing the other arm. This can be expected as the light propagating through 

the cross arm is subjected to a total π phase shift. Their roles have been interchanged with noteworthy 

deviations when the input condition was changed. Similar behaviour can be observed for MZMB as shown 

in figure 5(b), although there are obvious shifts in its responses relative to MZMA. These data suggest that 

biasing of the MZMs in the device needs individual fine tuning. In addition, the contributions of the off-

state, imbalanced MZMs cannot be neglected.  

Figure 6: Measured forward bias I-V characteristic of a 

phase modulator on MZMB 

Figure 5: DC characteristics of the MZMs (MZMA and MZMB) in terms of output optical power due to the variation of 

reverse bias voltage. Input port 1 & 2 are considered for light input. Output is taken from output port 3.  Each MZM is 

asymmetrically driven which means reverse bias is applied to only one arm of the corresponding MZM: Reverse bias 

voltage is applied to only (a) MZMA and (b) MZMB 



Figure 6 shows the forward bias I-V characteristic of a phase modulator in one arm of MZMB. A similar 

measurement can be found in [50, 53] which determines that the diode performance has not deteriorated 

over the years. 

Dynamic assessment: Individual characterization of the MZMs continued with the application of RF input. 

An arbitrary waveform generator (Fluke 294) with sinusoid frequency limited to 40 MHz is used as the RF 

source. MZMB is driven differentially. Two channels from the arbitrary waveform generator (AWG) 

provide two 10 MHz sinusoidal signals with one is π phase shifted relative to the other. The RF amplitude 

has not been adjusted to maximize the desired harmonic. The output optical spectrum is shown in figure 7. 

The horizontal axis is the relative frequency with respect to the optical frequency of the input light and the 

vertical axis is the optical spectrum received at the OMA. The carrier frequency is 193.4125 THz and the 

resolution bandwidth of the OMA is 477.42 kHz. In an ideal scenario, a differentially driven MZM biased 

at its MITP acts as an intensity modulator. For a pure tone modulating signal, carrier and even order 

harmonics are completely suppressed where harmonics are spaced by the value of RF frequency. The odd 

harmonics remain with intensity weighted by Bessel functions of modulation index with the same order as 

the harmonic. Figure 7 shows deviation from the ideal case. The carrier and 2nd order harmonics are present 

which reflect the fact that other MZMs are contributing to the carrier breakthrough. The imbalance in the 

MZMB results the imperfect suppression of the 2nd or any other even order harmonics. The dual-drive 

configuration can be exploited so that individual adjustment of the modulation voltage of each phase shifter 

can be performed to suppress the unwanted harmonics.  

Appropriate RF outputs from the AWG are applied to the frequency shifter circuit, as shown in figure 4. 

Light is launched into the chip through input port 1 and outputs are taken from port 1 and 4. The optical 

spectrums are shown in figure 8. It can be observed that frequency up-conversion has been achieved. Figure 

8(a) and 8(b) represent the LSB and USB modulation based frequency shifting operation. The theoretically 

pristine performance of the circuit is limited by the presence of carrier and undesired spurious sidebands. 

A carrier suppression of ~20 dB and lowest spurious harmonic suppression of ~12 dB relative to the desired 

harmonic have been measured.  

Figure 7: Optical spectrum of the circuit when only one MZM (MZMB) is modulating.  



From the optical spectra of the frequency shifter, it can be concluded that the finite extinction ratio of the 

MZMs, power imbalance and phase errors between the ports of the MMIs are imposing the deviations from 

the ideal situation. Mehedi et al. have analyzed the performance of the circuit by simulation considering 

these impairments [50]. They modelled their MMIs based on the results obtained in [55]. By comparing 

their simulation results and experimental data obtained here, it can be estimated that the impairments due 

to the fabrication errors are more severe than simulated. The only tuning mechanism adopted in our 

experiment is the adjustment of DC bias voltage. Further tuning can be done at fabrication level by 

incorporating additional phase shifter [56] or integrated variable coupler and variable attenuator [19] 

components. In addition, Miller described a self-adjustment approach to compensate for imperfect 

extinction ratio which could be adopted to minimize amplitude and phase imbalance [57]. Furthermore, 

broadband sub-wavelength engineered MMI offers reduced phase error and power imbalance which could 

be a viable solution [58-59]. 

Another important observation is the high insertion loss (~20-30 dB). The principle reason is the absence 

of any mechanism for matching between the fiber mode and high-contrast access guide mode which could 

lead huge coupling loss. The lack of test structure on the chip prevents the author to measure insertion loss 

of individual component. Because of the high contrast material platform and relatively large sidewall 

roughness of the narrow ridges, on-chip waveguide optical loss may be relatively high (~ 2-6 dB). The 

MMIs and doped phase shifters may contribute similar loss. From these practical assumption, it can be 

conjectured that the principle contributor of the insertion loss is the fiber-chip coupling (~12-14 dB). It is 

also observed that the loss varies depending upon the choice of input-output port combination. Several 

defects have been observed on the chip. Figure 9 shows a defect at one of the access guide which shows 

the highest loss. It is imperative that for future fabrication, the access guides should have proper coupling 

mechanism. A variety of edge coupling schemes for low-loss coupling between the optical fiber and silicon 

photonic wire on high-contrast material platform have been proposed which can be adopted [60-61]. In 

addition to the structural issues, the RF amplitude has not been tuned to critically adjust the modulation 

index of each modulator and thus maximize 1st order harmonics at the output. 

Figure 8: Optical spectra representing frequency shifting functionality of the fabricated circuit. (a) Frequency down-conversion at 

outport port 1 and (b) frequency up-conversion at output port 4. The resolution bandwidth of the optical modulation analyzer is 

668.388 kHz 



  

Conclusion: 

In summary, we have demonstrated an optical SSB modulation based frequency shifter on SOI platform 

and its performance has been evaluated. A carrier suppression ratio of ~20 dB and spurious sideband 

suppression ratio of ~12 dB have been achieved by only limited DC bias tuning. No additional imbalance 

compensating mechanism has been adopted. The quality of the operation can be improved by reducing 

fabrication errors, optimizing the phase shifter and MMI design and implementing integrated edge coupling 

and imbalance compensating technique. Although only low RF frequency operation is being reported due 

to the limit imposed by equipment, this device should be capable of operating in the full bandwidth of the 

modulators (~10 GHz).  

The architecture is a multi-functional device which offers operations other than optical frequency shifting. 

Complex modulation, frequency multiplication for millimeter-wave application and sub-carrier generation 

to facilitate high data rate transmission using OFDM technology can be achieved without any modification 

inside the circuit. The DC bias less design with inherently off-state MZM in parallel offers freedom to 

choose any modulator and flexibility to exploit and further extend its functionality. The demonstrated circuit 

has been fabricated using ‘off-the-shelf’ components as a proof of implementation feasibility. There is still 

scope for improvements in terms of component design and state-of-the-art fabrication to achieve compact 

device with low loss, low power, spectrally pure and high bandwidth operation. In addition to SOI, the 

circuit can be fabricated in any other material platform offering electro-optic modulator such as LiNbO2, 

III-V or hybrid technology to exploit the advantages they render.   
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