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Abstract: We describe a novel SOA-based all-optical pure-phase 
modulator, and show how deleterious cross-gain modulation from the SOAs 
can be suppressed by utilizing an integrated interferometer structure.  We 

experimentally demonstrate the use of the optical gate as a π/4 phase 
modulator producing 21.3 Gbaud 8PSK from 21.3 Gbit/s OOK and 21.3 
Gbaud QPSK inputs.  The modulator produces 3 dB of gain and coherent 
detection-based bit error rate measurements indicate a 2.4 dB excess 
penalty. 
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1. Introduction 

Demands for higher capacity in deployed fiber optic networks have spurred research into 
high-level advanced modulation formats with increased spectral efficiency.  One promising 
modulation format is 8-phase-shift keying (8PSK) where the modulation symbols are arranged 
in a ring constellation providing 3 bits/symbol, which is a 50% increase in spectral efficiency 
over quaternary(Q)PSK [1-4].  Furthermore, when compared with n-symbol quadrature 
amplitude modulation (n-QAM) formats, 8PSK’s constant symbol amplitude can provide 
increased robustness against nonlinear fiber transmission impairments [5]. 

Several techniques for electro-optically generating 8PSK signals have been demonstrated 
in the literature.  A single phase modulator is capable of generating a ring-shaped signal 
constellation, and high-order PSK formats would generally require multi-level RF drive 
signals.  This has been demonstrated using arbitrary waveform generators driving an IQ 
modulator [6] as well as a single-electrode straight-line phase modulator [7].  These multi-
level schemes may minimize the number of required optical modulators, but the necessary 
multi-level RF signals can be difficult to generate at high symbol rates.  At the expense of 
multiple optical modulators, schemes employing binary RF driving signals have also been 
demonstrated including a QPSK modulator followed by a trailing phase modulator [8, 9], or a 
Mach-Zehnder Interferometer (MZI) super-structure incorporating 4 sub-MZIs [10]. 

However, the generation of high-order PSK formats is not limited to RF-driven electro-
optic (EO) devices.  Several all-optical techniques for the generation of these advanced 
modulation formats can also be found in the literature.  By all-optical, we refer to the control 
of a photonic device’s transmission properties via optical signals as opposed to electronic 
signals.  For example, DPSK and QPSK signals were generated with on-off keyed (OOK) 
input signals in [11] using cross-phase modulation in highly nonlinear fiber.  Semiconductor 
optical amplifier (SOA)-based MZI devices fabricated using monolithic [12] and hybrid 
integration [13] technologies have also been utilized to all-optically produce QPSK. 

Much of the previous work in all-optical format generators was motivated by the 
consideration of modulation format conversions at the interfaces between optical networks.  
Comparatively little discussion has appeared on the use of these generators as all-optical 
transmitters and their advantages over EO modulators.  Even at moderate symbol rates (< 40 
Gbaud) the RF drive amplifiers used with EO modulators can be difficult to design with 
sufficient bandwidth and output power.  The RF data signal delivered to the EO modulator is 
also degraded by transmission line parasitics resulting in reflections and effective bandwidths 
much smaller than the intrinsic material electro-optic bandwidth [14].  These impairments 
could be avoided by using optically-controlled modulators; the control signals can be easily 
delivered over high-bandwidth waveguides and with sufficient power to control the optical 
nonlinearity.  The latter is especially true in the case where SOAs are used as the nonlinear 
medium.  As Kang, et al, have pointed out in [15] the use of optical control signals also allows 
the aggregation of low-rate tributaries in the optical domain via optical time division 



multiplexing (OTDM) as opposed to electronic time division multiplexing (ETDM).  EO 
modulators must still be used to provide the control signals for the all-optical modulator, but 
the use of OTDM may ameliorate the RF design issues discussed above.  The combination of 
electronic and optical control signals increases the flexibility in optimizing optical transmitters 
at low symbol rates, and also provides a clear path to symbol generation rates well beyond the 
current reach of electronics (>> 40 Gbaud). 

In this paper, we report for the first time on the use of a novel all-optical π/4 phase 
modulator for the generation of an 8PSK output signal from QPSK and OOK input signals.  
The optically-controlled phase modulator consists of an integrated SOA-based MZI structure 
[16, 17].  We demonstrate 21.3Gbaud 8PSK generation using the proposed method and 
measure 3dB of signal gain at the gate output.  Coherent detection was employed to evaluate 
the performance, and we measure a 2.4dB excess bit error rate (BER) penalty. 

2.  Theory of operation 

When an intense optical pump pulse is injected into an SOA, the resultant change in carrier 
density modifies the gain and refractive index seen by any co-propagating probe signals at 
other wavelengths.  These are the well-known nonlinear cross-gain and cross-phase 
modulation (XGM and XPM) phenomena [16], and the gain and phase changes are often 

related to each other through the α-factor [18]: 
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where λ is the probe wavelength while δn and δg are the changes in refractive index and 

material gain resulting from the pump pulse, respectively.  δφ represents the probe phase 
change, while Gf and Gi are the final (saturated) gain and initial (unsaturated) gain, 
respectively. 

An ideal optically controlled phase modulator will produce output symbols of constant 
amplitude.  This suggests a requirement that for single-SOA phase modulators there must be 

zero XGM, i.e. an infinite α-factor.  This is an unrealistic requirement in practice, and so the 

XGM must somehow be suppressed in SOAs with finite α-factors.  This can be accomplished 
by embedding a pair of SOAs in a Mach-Zehnder interferometer (MZI) structure.  The extra 
degree of freedom provided by the MZI bias point enables the cancellation of XGM.  The 
basic optical gate configuration is shown below in Fig. 1. 
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Fig. 1.  SOA-based MZI all-optical phase modulator.  Control of the phase bias allows effective 
suppression of the deleterious XGM. 

 
An input probe symbol is split at the first MZI coupler, propagates through SOA1 and 

SOA2, and then recombines at the output coupler.  The MZI phase bias control varies over 2π 
radians and controls the interference conditions at the output coupler.  The binary effect of the 
optical gate on an input symbol can be modeled using two transfer functions: H0 and H1 for 
OOK input symbols of 0 (no pulse) and 1 (pulse), respectively.  These functions are given 
below in Eqs. (2)-(3) for an unsaturated SOA gain normalized to unity: 
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where φ is the phase bias control shown in Fig. 1 and δφ is the XPM induced on the input 

symbol in SOA1.  The XGM is expressed in terms δφ by invoking the α-factor on the right 
hand side of Eq. (3). 
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Fig. 2.  (a) The normalized output powers from the MZI as a function of static phase shift, ϕ.  H0 (solid line) is 

calculated from Eq. (2).  H1A, H1B, and H1C  (dashed lines) are calculated from Eq. (3) using α = 106 (i.e. ∞), 5, and 2, 

respectively.  The XPM shift (δϕ), is 0.5·π in all three cases.  (b) The relative phase angle between H1 and H0 as a 

function of static phase, ϕ.  The three plots correspond with the three α-factor values in (a). 

 
The normalized MZI output powers (i.e. magnitude of H squared) are plotted in Fig. 2(a) 

as a function of the static phase shift, ϕ.  The solid line corresponds to the unpumped 

modulator (H0).  The three dashed lines are plots of H1 for a XPM shift (δϕ) of 0.5π radians 

using three different representative α-factor values.  H1A, H1B, and H1C are calculated using 

α = 10
6
 (∼ ∞), 5, and 2, respectively.  H1A depicts the output when there is no XGM.  The 

power response in this case is simply translated to the right by 0.5π radians.  H1B and H1C 
show the effect of increasingly large XGM shifts on the output power of the MZI. 

 The key operating principle of this phase modulator is that ϕ can be chosen at a crossing 
point of H0 and H1 in order to equalize the two output powers, even in the presence of XGM.  

H0 and H1 exhibit two crossing points within 2π radians of ϕ, and one of these power-
equalization points will generally provide a higher output power than the other.  These three 

high-power points are labeled in Fig. 2(a) as ϕ=ϕA, ϕB, and ϕC.  For example, 

( ) ( ) 2

1

2

0 AAA HH ϕϕϕϕ === .  Even though the amplitudes of the two possible output 

symbols can be equalized in this way, the XGM effectively reduces the output power 
available from the phase modulator. 
 The angle between the two output symbols, i.e. the phase modulation, from the optical 

gate is also a function of ϕ.  This angle is denoted by θ and is calculated using Eqs. (2)-(3): 
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where θΒ and θC  are defined similarly.  The magnitudes of these angles are plotted in Fig. 2(b) 

for static phase ϕ varying over 2π radians.  The discontinuities in θ coincide with the phase 

inversions of H0 and H1 with the changing static phase, ϕ.  The phase modulation is calculated 

at the point where the output symbols are equal in amplitude, e.g. θΑ(ϕ=ϕA).  In Fig. 2(b), the 
increasing amount of XGM slightly alters the available phase modulation in the region 

between ϕA and ϕC.  In this example, regardless of the α-factor, for a XPM shift of 0.5π the 

output phase modulation is ~ 0.25π.  In general, the desired output symbol modulation can be 
achieved by changing the magnitude of the XPM through adjustment of the input OOK pump 
power. 



 The results summarized in Fig. 2 suggest that ϕ can be used to adjust the ratio of output 

symbol amplitude modulation to phase modulation.  We can define an effective α-factor for 
the phase modulator as follows: 
 

{ }2

0

2

1ln

2

HH
eff

θ
α −=          (5) 

 

which is similar in form to Eq. (1).  The preceding discussion focused on driving Eq. (5) to 
infinity by forcing the denominator to zero.  This enables the MZI gate to operate as an ideal 

pure-phase modulator.  Having control over αeff  may also allow other advanced modulation 
formats to be realized with this phase modulator, for example 2ASK/4PSK. 
 
3.  Experimental results 
 

The experimental setup used to evaluate the SOA-based π/4 phase modulator is shown below 
in Fig. 3.  An ERGO mode-locked laser (MLL) operating at 10.65 GHz generated ~ 2.1 ps 

optical pulses at λ1 = 1562 nm which were modulated using a standard 2
7
-1 PRBS to produce 

a 10.65 Gbaud binary phase-shift-keyed (BPSK) signal.  This optical signal was then 
passively multiplexed up to 21.3 Gbaud BPSK and passed through a delayed interferometer 
(DI) to produce a 21.3 Gbaud QPSK signal.  The DI had a free spectral range of 10.65 GHz 

and the relative phase shift between the two interferometer arms was set to +/- π/2.  This 
QPSK signal was injected into the optical gate as the probe signal (see Fig. 1).  We note that a 
rigorous systems test should incorporate a QPSK modulator driven by decorrelated I/Q data 
streams, but this QPSK signal is sufficient for a proof-of-concept demonstration. 

Another MLL (u
2
t) generated ~2.6 ps optical pulses at λ2 = 1550 nm and with the same 

10.65 GHz clock rate.  The pulses were OOK-modulated with an inverted 2
7
-1 PRBS, 

multiplexed up to 21.3 Gb/s, and injected into the optical gate as the pump (see Fig. 1).  The 
pump and probe data sequences were appropriately decorrelated from each other temporally.  

A continuous wave (cw) holding beam at λ3 = 1555 nm was also injected into the 
interferometer input to saturate the SOAs and reduce their recovery times. 

The optical gate is a hybrid-integrated device manufactured by CIP Technologies.  The 
proprietary buried-heterostructure SOAs were fabricated using III-V materials and then 
hybrid-integrated with low-loss planar silica waveguides.  The SOAs were both biased ~ 355 
mA with amplified spontaneous emission (ASE) peaks at ~ 1560 nm.  The QPSK, OOK, and 
holding beam input powers were -5 dBm,  +2 dBm, and -2 dBm, respectively.  The 8PSK 
output power from the optical gate was -2 dBm, indicating a signal gain of 3 dB. 
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Fig. 3.  Experimental setup used to test the all-optical phase modulator. 
 

 Prior to coherent detection, the 8PSK signal was injected into an EDFA for noise loading.  
The local oscillator (LO) signal was provided by the 10.65 GHz clock output from the ERGO.  
A fiber delay matched the overall signal and LO path lengths in order to minimize the impact 



of the ERGO’s linewidth on receiver performance.  The 90° hybrid output signals were 
converted to photocurrent using balanced photodetectors and sampled by a real-time scope at 
50 GS/s for offline processing in Matlab.  The in-phase and quadrature-phase traces were 
upsampled to an integer number of samples per symbol.  The complex signal was then 
reconstructed using one sample per symbol which was followed by phase estimation and 
symbol discrimination.  Errors were counted in the demodulated data, and the BER was 
calculated assuming the PSK signals have been Gray mapped.  The LO operated at half the 
PSK symbol rate and as a result each time-division multiplexed (TDM) sub-channel was 
captured individually and analyzed for BER. 

BERs are shown below in Fig. 4(a).  106.5k symbols were acquired for each data point in 
Fig. 4(a).  The QPSK Input traces are the two TDM channels measured before injection into 
the optical gate.  The QPSK Output traces are the two unmodulated TDM channels measured 
after the gate with the OOK pump signal turned off.  The mean penalty at a BER=10

-3
 is 1.4 

dB.  We believe this penalty arises in part due to ASE from the SOAs and some possible 
signal distortion.  The 8PSK Output traces are the modulated outputs from the gate.  The 
mean penalty with respect to the unmodulated QPSK output signals is 7.7 dB, and thus the 
total modulation penalty is 9.1dB.  Comparing the 7.7 dB penalty with the theoretical penalty 
of 5.3 dB for converting QPSK to 8PSK [19] we calculate an excess penalty of only 2.4dB.  
This penalty is comparable to work by Tsukamoto, et al, on generation of 10 Gbaud 8PSK [8]. 
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Fig. 4.  (a) BER curves for the two input QPSK TDM tributaries (triangles), the two QPSK tributaries after the all-
optical modulator when the OOK pump is turned off (circles), and the two 8PSK output tributaries (squares).  The 
received power is the total power for both tributaries and is measured at the input to the “Noise Loading” EDFA 
shown in Fig. 3.  (b) Histogram generated from a measured 8PSK signal constellation. 

 

4.  Conclusions 
 

We have proposed and experimentally verified a novel all-optical phase modulator operating 
at 21.3 Gbaud.  We have shown how the proper choice of MZI phase bias can suppress SOA 
XGM while using the XPM for generating pure-phase modulated output symbols.  BER 
measurements show a 1.4dB penalty for unmodulated QPSK output signals from the all-
optical modulator, and only a 2.4dB further excess penalty for format conversion to 8PSK. 

Other modulation formats should also be achievable using this optical gate.  For example, 
by tuning the phase bias a 2ASK/4PSK [19] output modulation should be possible.  This 
transmitter scheme relies on fast optical nonlinearities, and provides a potential path to 
ultrafast symbol generation beyond the current reach of electro-optic modulators [13]. 
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