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Abstract
Photonic analog-to-digital converters (ADCs) are attracting significant interest due to promise of overcoming
the problem of aperture jitter and improving ADC performance level by orders of magnitude. This work examines
several critical factors which define the accuracy of an optically-sampled wavelength-demultiplexed ADC built on a
silicon chip using silicon photonic technology. These factors are the optical power-dependent shot noise, optical
power-dependent nonlinearities due to two-photon and free-carrier absorption in silicon, and nonlinear transfer
function of a silicon modulator. Ways to reduce the impact of these factors on ADC accuracy are considered.

1. Introduction
The interest to photonic ADCs is motivated by the prospect of using ultra-stable pulse trains available from
mode-locked lasers to eliminate the problem of aperture jitter – a major problem on the way towards faster and more
accurate ADCs [1]. The photonic ADC studied in this work is shown in Fig. 1. A low-jitter pulse train generated by
a mode-locked laser passes through a dispersive fiber. This broadens the pulses temporally and creates continuous
time-to-wavelength mapping within them so that different wavelengths correspond to different time moments [2]. A
discrete version of the time-to-wavelength mapping can be created by wavelength-demultiplexing the pulse train
into multiple sub-trains, applying differential delays, and recombining them into a single path, which results in a
train of pulses with periodically repeating wavelengths [3, 4]. This pulse train is modulated by a modulator whose
RF input ν(t) is the signal to be sampled. Thanks to time-to-wavelength mapping, the modulator effectively imprints
the time dependence of ν(t) onto the optical spectrum. The optical signal is demultiplexed into N channels by a filter
bank. Each channel is detected by a photodetector and digitized by an electronic ADC taking one sample per pulse.
This sample represents the RF signal at the time moment defined by the time-to-wavelength mapping. The scheme
with N channels increases the sampling rate over what is available in electronic ADCs by a factor of N as well as
reduces the bandwidth requirements of photodetectors and electronic ADCs [2-4]. Some impressive results
demonstrated with photonic ADCs built using discrete components include 9.8 bits for 0.77GHz [5], 7 bits for
10GHz [6], and 6-7 bits for 10GHz input signals [7]. The last two results were achieved with the time-stretch
approach, where the modulated pulses are additionally stretched in time with dispersive fibers. The emerging silicon
photonic technology promises integration of a photonic ADC on a single Si chip, turning photonic ADCs from bulky
and costly prototypes into cheap, robust, mass-produced devices. This work analyzes the accuracy of integrated
photonic ADCs as limited by shot noise, nonlinear Si effects, and modulator nonlinearity, and suggests ways to
improve this accuracy.
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Fig. 1. Optically-sampled wavelength-demultiplexed photonic ADC, using microring resonators for wavelength demultiplexing.
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2. Optical Power and Silicon Nonlinearities
One of the main questions in the analysis of photonic ADCs is the optical power required for a given
performance level. On one hand, high optical power is needed to improve the signal-to-noise ratio (SNR), on the
other hand, high power can cause significant distortions due to nonlinearities in Si waveguides and photodetectors.
The dependence of shot noise and silicon nonlinearity-induced distortions on optical power is analyzed below.
A fundamental limitation on photonic ADC performance is related to the fact that the number of photons in a
classical optical pulse follows a Poisson statistics [8]: if the average number of photons in a pulse is N, the standard
deviation of the photon number is N1/2. The corresponding SNR of a pulse train modulated with a single-tone
sinusoidal signal sin( ωt) can be calculated as follows. The average number of photons per pulse is approximately
N(t)=0.5N0 [1+m sin(ωt)], where m is the modulation index and N0 is the average photon number at the input of the
modulator. The electrical signal at frequency ω generated by a photodetector is ~0.5N0 m sin( ωt); the average power
of this signal is ~N02m2/8. The electrical noise power, from Poisson statistics, is the average of N(t), which is N0/2.
Therefore, SNR = N0 m2/4. Note the steep scaling of the SNR with modulation index m, which occurs because the
power of the "useful" signal scales as m2, while the noise power is independent on m. Assuming 50% modulation, to
achieve ENOB=8.0, the number of photons per pulse must be 1.5⋅106 (energy of 200 fJ at 1550 nm optical
wavelength, or average power of 0.2mW assuming a 1 GHz pulse train). The pulse energy must be increased by a
factor of 4 per each additional bit.
As optical power is increased to improve SNR, nonlinearities in Si waveguides increase as well. The primary
nonlinear effects are two-photon absorption (TPA), followed by absorption and refractive index change due to free
carriers induced by TPA. These effects lead to signal-dependent loss and phase change – nonlinear effects
responsible for harmonic distortions in photonic ADCs. The impact of these nonlinearities is most pronounced
inside microring resonator filters because of resonant power enhancement. Fig. 2 shows the filter loss variations due
to TPA versus pulse energy for a representative example of a dual-ring filter. These parameters were
bandwidth = 25 GHz, channel spacing = 80 GHz, adjacent channel suppression = 32 dB, ring radius = 14 µm, free
spectral range = 1 THz (enough to fit 12 channels), power enhancement factor = 10, and pulse duration inside the
ring = 22 ps. The TPA coefficient was 0.5 cm/GW, Si waveguides were 600 nm wide and 105 nm tall, the effective
TPA area [9] was calculated to be 0.1 µm2. According to this plot, Si nonlinearities do not degrade performance at 8
bits and below; however, they quickly become a major source of distortions where 9 or more effective bits are
desired. Note that although the drop loss variations shown in Fig. 2 are quite high, this loss includes a DC
component, a smaller component varying at the frequency of the applied RF signal, and an even smaller component
varying at twice the frequency. Only the latter component contributes to nonlinear distortions. Moreover, differential
detection can completely eliminate this component, so that ADC performance will not be affected by TPA at all.
Free carrier effects which lead to resonant frequency changes can be examined in a similar way; the results will be
presented at the conference. Note that the impact of signal-dependent resonant frequency variations can be reduced
by using the discrete time-to-wavelength mapping approach mentioned above, and making sure the bandwidth of the
ring filters exceeds the bandwidth of the pulses in each channel.
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Fig. 2. Change in drop loss due to two-photon absorption as a function of energy of unmodulated pulses. Horizontal lines are
the distortion levels corresponding to for 6, 8, and 10 effective bits, assuming 50% modulation. Vertical lines indicate
unmodulated pulse energies required to obtain SNR-limited accuracy 8, 9, and 10 bits, determined as described above, again
assuming 50% modulation index.

3. Modulator linearity
In a photonic ADC, low-jitter sampling occurs when an optical pulse train is modulated with the RF signal to
be sampled. Most high-performance modulators with wide optical and electrical bandwidth are based on a MachZehnder (MZ) structure, which has an inherently nonlinear (sinusoidal) transfer function, leading to a nonlinear
relationship between the input RF signal and the samples at the output of the photonic ADC. This nonlinearity can
be the single most important factor limiting the ADC dynamic range. One approach to overcome this problem is to
apply a linearization algorithm in the digital domain at a post-processing step [5, 4]. An alternative solution is to
develop a modulator with improved linearity [10], such as a linearized silicon modulator described below [11].
The layout of the linearized Si MZ modulator is shown in Fig. 3. The nonlinear phase shifts and voltagedependent losses in the two arms are ϕ (ν) and α (ν). The arms are biased at νDC and the RF signal ν =ν (t) is
applied in a push-pull configuration, so that the total voltage at the top and bottom phase shifters is νDC±ν. The
optical powers PA and PB at the top and the bottom outputs of the modulator biased at quadrature are given by
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where ϕ A = ϕ (vDC + v ) and α A = α (vDC + v ) are the phase shift and loss in the top phase shifter, ϕ B = ϕ (vDC − v )
and α B = α (v DC − v ) are the phase shift and loss in bottom phase shifter, and Pin is the input power. Expansion of
Eqs. (1, 2) into Taylor series gives
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where Taylor series expansion of the phase and loss has been used, ϕ (v DC + v ) = ϕ DC + ϕ1v + ϕ 2 v 2 + ϕ 3 v 3 + K L ,

α (v DC + v ) = (α DC + α 1v + α 2 v + α 3 v + K)L ; L is the phase shifter length. One can see that cubic term is
2

3

completely canceled in both modulator outputs if 2ϕ13 L2 / 3 + 2ϕ1α 2 L − ϕ 3 = 0 . Although the quadratic term cannot
be cancelled simultaneously with the cubic term in both outputs, it can be eliminated using differential detection,
which produces the difference (PA–PB). Alternatively, the quadratic term can be eliminated in one of the MZ outputs
by adjusting the MZ bias point to introduce quadratic nonlinearity which cancels that of (3) or (4).
To confirm that linearization predicted by analytical analysis is possible and happens at realistic modulation
parameters, an example of a silicon diode, shown in Fig. 3(b) [12], has been considered. Its response has been found
numerically using Synopsys' Sentaurus software suite and a finite-difference optical mode solver. A singlefrequency sinusoidal signal applied to the RF input of the modulator has been considered. The levels of harmonic
distortions at the output of the silicon modulator are shown in Fig. 4 for three different diode lengths and compared
to the third harmonic distortion of a conventional MZ modulator with similar modulation depth. It is clear that in all
three cases the linearity of the silicon modulator is considerably improved. The phase shifter lengths are several
hundreds of microns, which is typical for MZ silicon modulators reported in the literature.
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Fig. 3. (a) The configuration of the MZ modulator studied in this work. The two arms have identical nonlinear phase shifters
biased with DC bias voltage ν DC, driven in a push-pull mode with the RF signal ν (t). The 90° phase shifter biases the MZ
modulator at quadrature. (b) An example cross-section of the reverse-biased Si diode phase shifter considered in this work.

Fig. 4. Harmonic distortions in the linearized Si modulator and a conventional MZ modulator vs. modulation index. The curves
“HD3, lin MZM” and “HD5, lin MZM” are the 3rd and 5th harmonic distortions in the linearized Si modulator, while the curve
“HD3, conv. MZM” is the 3rd harmonic distortion in a conventional MZ modulator. The curve “loss-induced HD2” illustrates
the 2nd harmonic distortion due to voltage-dependent loss, which can be eliminated by adjusting the MZ bias or using differential
detection. The length is selected (a) to completely eliminate the cubic nonlinearity, (b) to achieve the largest modulation depth
while keeping HD3 below the -80dBc level; (c) the same for -60dBc level. The Si diode bias voltage was -4V.
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