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Abstract: We demonstrate a monolithically integrated Si optical single-sideband modulator that 
contains a ring-assisted Mach-Zehnder modulator, two MMI optical couplers, and an electrical 
quadrature hybrid coupler. The modulator successfully produces 30-GHz single sideband with 15-
dB suppression of the undesired sideband. 
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Optical single-sideband (OSSB) modulation eliminates the frequency-dependent power fading problem 
when high-frequency electrical signals are delivered in optical domain over dispersive fiber for Radio-over-
Fiber applications [1]. It also allows more efficient use of the optical spectrum for dense WDM transmission 
systems. OSSB can be realized with an a Mach-Zehnder modulator (MZM) having 90-degree optical phase 
difference between optical input signals in two arms and 90-degree electrical phase difference between two 
electrical modulation signals, as schematically shown in Fig. 1, for the case of OSSB modulation producing the 
upper sideband. 

 
Fig. 1 Block diagram of OSSB modulator 

 

OSSB modulators have been realized with various MZMs along with external electrical modules that 
produce required electrical I/Q signals [2, 3]. In this paper, we demonstrate for the first time a single-chip Si 
OSSB modulator which includes an optical modulator and an electrical I/Q signal generator, both integrated on 
a Si wafer. Such monolithic integration of photonic and electronic components provides smaller sizes and, 
possibly, cost reduction, both of which should be of great advantage for many applications. Our OSSB 
modulator is fabricated with IHP’s Photonic BiCMOS technology, which provides high performance Si 
photonic devices and Si circuits on the standard Si platform [4].  

 
Fig. 2 Schematics of (a) RAMZM with input/output MMIs and (b) QHC, and (c) microphotograph of OSSB modulator 
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In our OSSB modulator, the optical modulation is realized with a ring-assisted Mach-Zehnder Modulator 
(RAMZM) [5] along with input and output MMI couplers, as shown in Fig. 2(a). The RAMZM is much smaller 
than the conventional Si MZM, which with the smaller total chip size allows more cost-effective realization of 
the OSSB modulator. Each ring modulator is a depletion-type modulator having 11-μm radius. In order to 
compensate different modulation characteristics for two ring modulators due to process variation, heaters are 
added, which allows thermal tuning of the optical modulation characteristics. Input 2  2 MMI coupler (only 
one of two inputs is used) providing 90-degree phase shift between two outputs, and output 2  1 MMI are 
implemented with Si waveguides.  

Electrical I/Q signal generation is realized with Quadrature Hybrid Coupler (QHC) [6]. As schematically 
shown in Fig. 2(b), it is composed of inductors and capacitors, and produces I/Q signals at a given frequency f, 

when 1 50 / 2 ,L fp 2 50 / ( 2 2 )L fp  , and (1 2) / (50 2 )C f   p , where C = CMIM+Cvar, are satisfied. L1 

and L2 are implemented with spiral inductors after careful simulation. CMIM and Cvar are realized with MIM 
capacitors and varactors, respectively, provided by the Photonic BiCMOS technology. Externally controlling 
Cvar allows fine tuning of C for the target modulation frequency. Fig. 2(c) shows the microphotograph of the 
fabricated Si OSSB modulator containing RAMZM and QHC. Its size is 800  350 μm2 and optical input/out 
coupling is achieved with grating couplers. 

 
Fig. 3 Measured (a) RAMZM transmission characteristic at two different bias voltages, (b) I- and Q-port output signals for 
QHC 30GHz, and (c) output optical spectrum of OSSB modulator 

 

Fig. 3(a) shows the transmission characteristics of the RAMZM. It has about 27 pm/V modulation efficiency. 
Fig. 3(b) shows the measured output signals of QHC when 30 GHz signals are applied to the input. As can be 
seen, I and Q signals with similar amplitudes are produced at two outputs. Fig. 3(c) shows the output optical 
spectrum of the OSSB modulator at λ = 1546.17 nm, when 30 GHz input signal is introduced to the OSSB 
modulator. As can be seen, OSSB modulation is successfully achieved with about 15-dB suppression for the 
lower sideband. The suppression is limited by the background noise in our measurement setup not by the OSSB 
modulator. The second-order sideband can be also observed, which is due to non-linear modulation 
characteristics of RAMZM.  
In summary, we successfully demonstrated a monolithically integrated OSSB modulator that contains an optical 
modulator, MMIs, and an electrical I/Q signal generator on the Si wafer.  
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