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Within the context of neuromorphic computing, analog photonics, especially after the advent of
photonic integrated technologies, offers unparalleled computing speedsper core, and the reductionof
size and power consumption compared to digital electronics. However, the functionality of analog
systems is limitedbynoise andnon-linear distortions,whichdegrade signal resolution.Here, amethod
ispresented for analyzingandminimizing theeffect of non-linearities associatedwith theoptical power
transfer function of a generic modulator, to inform choices of design and operation conditions. The
Mach-Zehnder interferometer, micro-ringmodulator, and ring-assistedMach-Zehnder interferometer
are compared using this method. The analysis is applied to compare three analog photonic processor
architectures for machine learning applications, based on wavelength, space, and time division
multiplexing. Our results indicate that despite the lower maximum resolution exhibited by Mach-
Zehnder interferometers, they are the most balanced choice for space and time division multiplexing
architectures due to stability and power consumption.

Although modern optical fiber communications typically rely on digital
signals used to modulate an optical carrier, analog photonics has been the
subject of focused research over the last decades. Original interest in analog
photonic links stemmed from the low propagation loss offered by optical
fibers in radio-over-fiber communications systems, providing an alternative
to lossy coaxial cables1, and has now arrived at enabling a scalable 5G
fronthaul through antenna remoting2. Through the birth of the field of
microwave photonics, applications expanded, taking advantage of the wide
processing bandwidth offered by upconversion to optical frequencies3. In
this way, many functionalities could be provided that were not viable in
traditional RF systems. Notably, microwave photonic processors4 could
offer an advantage over digital electronics, as the energy consumption per
task does not increase significantly as the bandwidth increases, and the use
of integrated photonics in particular can drastically reduce size and power
consumption. Photonics-enhanced radar is another unique application
providedbymicrowavephotonics5,where thehigher carrier frequencies and
the broadened bandwidth offered by photonics result in smaller antennas
and increased resolution compared to electronic radar transceivers.

In parallel, photonics for computing experienced an intermittent
increase in research activity. Originally, logical gates based on light were
investigated to overcome the constraints of the classic von Neumann
computing architecture6 and to solve the related interconnection issues in
integrated electronics.However, the benefits ofminiaturizationof electronic
components outweighed those offered by optical technologies. The main
drawbacks of optical logic gates are their dimensions compared to digital

electronic gates, and their limited ability to drive other cascaded gates, since
the signals are representedwith optical power thatmust be distributed to the
output devices7. Nevertheless, recent breakthroughs in artificial intelligence
have sparked attention in novel computational frameworks, reigniting
interest in analog photonic computing. In general, optical neuromorphic
devices are considered promising for any use case based on matrix-vector
multiplication, including neural networks, scientific computing, and
cryptography8. Focusing on the former, the surge in the use of neural net-
works over the last decade, with the associated large-scale energy con-
sumption, prompted a consideration of alternative hardware.

In particular, integrated photonic technologies, implemented through
photonic integrated circuits (PICs), offer unique advantages that synergize
with both the fields of microwave and neuromorphic photonics. In the
former, aside from reducing footprint and complexity compared to
equivalent RF systems, they offer enhanced functionalities not available in
bulk optics3, for example,microwave generationwith high spectral purity by
means of Kerr micro-resonator combs9. In the latter, PICs enable unpar-
alleled computing speeds per core10, and novel computing paradigms, such
as reservoir computing11,12. However, the benefits of using integrated pho-
tonic devices are hindered by the accumulation of noise and distortions in
analog systems, which undermine their functionality and limit their scal-
ability. All parts of analog systems contribute to the accumulation of noise
and distortions, but the most critical components are fast light modulators,
which are essential for the generation of optical signals. The optimization of
thedesignof suchmodulators is instrumental inmaximizing thepotential of
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photonic integration, since these key components ultimately set the limits of
resolution, power consumption, footprint, bandwidth, and system com-
plexity. This is true also in digital communication links, as discussed in ref.
13, where the design of different plasmonicmodulators is directly related to
the performance metrics of the link.

In this invited paper, we discuss the optimal design strategy of analog
photonic modulators to counter noise and distortions. We focus on analog
photonic processors for machine learning applications and the practical
trade-off that must be considered in these systems. A complete neuro-
morphic processor is complex and requires careful co-design of the analog
electronics for implementation of the non-linear activation function and
data read-out, and consideration of the memory used to store neuron
output14. Furthermore, the use of quantized training algorithms and infer-
ence is appropriate for analog photonic neural networks, where noise and
distortions render floating point representation of data impracticable15.
Further references to non-linearities in this paper refer to non-linear optical
modulation and not the non-linearities required by neuromorphic com-
puting architectures (for example in the activation function). Here we focus
on the limitations introduced by the fast photonic modulators used in the
matrix vectormultiplicationpart of the processing.A theoreticalmethod for
analysing the linearity of a generic modulator is presented, illustrating how
the linearity should be expected to depend on the selected bias point and on
other modulator parameters. This method is applied to consider the design
of three commonmodulators: theMach-Zehnder Interferometer (MZI), the
micro-ring modulator (MRM) and the ring-assisted Mach-Zehnder Inter-
ferometer (RAMZI). The implications of this analysis are thendiscussed at a
system level by comparing several photonic neuromorphic architectures.
The remainder of the paper is organized as follows: the Methods section
introduces the three modulator architectures and their transfer functions
and presents the method for analysis of the distortions induced by mod-
ulator non-linearities; the Results section applies the analysis to the three
modulator architectures, and brings the discussion from the device level to
the system level outlining the main trade-offs and issues arising when
designing photonic processors; the Conclusions section summarizes
the paper.

Methods
Modulator architectures
In thiswork, threemodulator architectures commonly realized in integrated
photonics were chosen for analysis. They are all based on an Electro-Optic
(EO) phase modulation, which is then converted to an amplitude mod-
ulation. These are the Mach-Zehnder interferometer, the all-pass micro-
ring modulator, and the ring-assisted Mach-Zehnder interferometer. The
modulators are schematized in Fig. 1, where the blue and red elements
represent the EO phase modulators, and the optical waveguides are repre-
sented in black.

The Mach-Zehnder interferometer (MZI), sketched in Fig. 1a, has
been employed in optical communications for decades16, and continues
to set performance benchmarks17–19 due to its stability and large band-
width. It is simple to fabricate, consisting of two 3 dB couplers and
phase modulation (PM) elements in one or both internal branches.
Duplicated PM elements allow for relatively low driving power due to
push-pull operation. The transfer function is the ratio of the modulator

output and input powers; in the case of the MZI, its relatively simple
form is given by:

TMZIðϕÞ ¼
1
2

1� cosðϕÞ� �
; ð1Þ

where ϕ is the phase difference between the arms introduced by the PM
elements.Apurely sinusoidal transfer function is obtainedas a functionofϕ,
which does not result in a very linear behavior.

The all-pass micro-ringmodulator (MRM), sketched in Fig. 1b, is also
commonly found in the literature20,21. It consists of a straight waveguide
directly coupled to a circular waveguide, where the PM element is dis-
tributed.MRMsgenerally have low footprint, insertion loss, andmodulating
power. However, a strong process control is required as the operating
wavelength must be spectrally aligned with the edge of the transmission
resonance, which is vulnerable to imperfections22; alternatively post-
fabrication thermal trimming techniques can be employed, which allow
spectral alignment of devices manufactured at the wafer scale, and thermal
tuning to counteract real-time temperature oscillations23. The waveguide-
ring coupler is characterized by the coupling coefficients: t (the self-coupling
coefficient) and k (the cross-coupling coefficient); assuming a lossless
coupler, t2 + k2 = 1.

Considering that the reflections back into the straight waveguide are
negligible, the all-passMRM transfer function is given by Bogaerts,W. et al.
and Heebner, J. et al. 22,24:

TMRMðϕÞ ¼
a2 � 2tacosðϕÞ þ t2

1� 2atcosðϕÞ þ ðtaÞ2 ; ð2Þ

whereϕ is the single-pass phase shift, a is the single-pass transmission, given
by the losses in the ring and coupler a2 = e−αl, α is the power attenuation
coefficient and l is the round-trip length. The previous assumption of
t2 + k2 = 1 can introduce a small error in the magnitude of the transmitted
power, but not in thewidth of the resonance, as long as the coupler losses are
taken into account in α22. The values a and t for a fabricated ring are rarely
reported, but can be derived from the values of finesse and extinction ratio25,
where the former can be extracted from the commonly reported Q-factor,
free spectral range, and resonant wavelength22.

The ring-assisted Mach-Zehnder interferometer (RAMZI), repre-
sented inFig. 1c, consistsof anMRMcoupled tooneof the internal branches
of theMZI,where the branchwithout theMRMintroduces aDCphase shift
of θ. The main advantage it offers is to linearize the sinusoidal transfer
function of the MZI, indeed impressive results in terms of linearity have
been demonstrated in refs. 26,27. The transfer function is given by Tazawa
and Steier28:

TRAMZIðϕÞ ¼
1
2

1ffiffiffi
2

p a�ðϕÞ þ 1ffiffiffi
2

p e�iθ

����
����
2

;

AðϕÞ ¼ t � ae�iϕ

1� ate�iϕ
;

ð3Þ

where relating to the ring: ϕ is the single-pass phase shift and A(ϕ) is the
complex amplitude transfer function (TMRM(ϕ) = ∣A(ϕ)∣2).

Fig. 1 | Schematic illustrating the three mod-
ulators analyzed. aMach-Zehnder interferometer.
bMicro-ring modulator. c Ring-assisted Mach-
Zehnder interferometer. t and k indicate the cou-
pling coefficients of the waveguide to the ring, a the
single-pass transmission, and θ the DC phase shift
introduced by the modulator arm without the ring.
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The transfer functions for the MZI and RAMZI are plotted in Fig. 2a.
There are many free parameters in the RAMZI which affect the non-
linearity characteristics of the transfer function29. The ring in the RAMZI is
modeled with a = 0.95, the value of t = 0.28 is selected such that for θ = π/2,
the transfer function is linearized for small amplitude RF driving signals.
One of the points for which this occurs is around ϕ ≈ π, which is evident in
the figure. The losses introduced by the ring slightly reduce the extinction
ratio with respect to the MZI.

The transfer function for the MRM is plotted in Fig. 2b for critical
coupling, i.e., when the coupled power is equal to the power loss in the ring,
for which a = t = 0.95 and for under (over) coupling (a < t and t < a
respectively) for which the resonance peaks are the same: a (t) = 0.80,
t (a) = 0.95. As the critical coupling condition is approached, the extinction
ratio improves, the resonance peakbecomes sharper, and for the samephase
change induced by the PM, there is a larger effective change in the trans-
mitted optical power.

Non-linearity analysis for analog photonic processor design
optimization
Since non-linearities introduce distortions that limit the resolutionof analog
photonicprocessors, the analysis described in this, and the following section,
is useful for choosing optimal parameters (e.g., bias point, splitting ratios)
for the linear operation of modulators employed in analog processors for
machine learning applications.

Generally, when an RF signal is applied to a modulator, the resulting
signal will not solely contain components at the frequency of modulation
due to the presence of non-linearities, caused inherently by the non-linear
optical power transfer function of themodulator. The transfer function can
be opportunelymodified, leading to improved linearity, as in the case of the

RAMZI. Non-linearities are also caused by the physical effect employed for
phase modulation in some photonic integration technologies, i.e., the phase
change induced by the modulator will not be linearly proportional to the
applied bias, additionally there is a material and voltage-dependent
attenuation (not accounted for by the static insertion loss), which affects
the transfer function30.

For modelling a device in a specific platform, the presence of these
additional non-linear effects must be considered, and if appropriate, the
optical power transfer function can be correspondingly modified30. In the
case of LiNbO3devices, the phasemodulation canbe approximated as linear
with applied voltage due to the exploitation of the Pockels effect, resulting
from the non-centrosymmetry of the crystal, hence the analysis presented
here will already be suitable without additional modification. For InP
devices, which rely on the non-linear quantum-confined Stark effect, the
induced change in phase was found to scale approximately with the applied
electric field to the power of 1.57 over the C-band31. In the case of silicon
photonics, the non-linear effect of carrier modulation can be simulated, as
presented for anMRMin ref. 32. Eachplatformoffers its own complications
in terms of fabrication steps, commercial compatibility, and stability33. In
this work, for the sake of generality and simplicity, only the non-linearities
inherent in the transfer function are considered: we focus on themodulator
dependent non-linearity characteristics to inform design and operation
choices, rather than the material as in ref. 30.

In this context, the two-tone test is a commonly employed technique for
analyzing the linearity of modulators. Considering a signal applied to a
modulator:

VðtÞ ¼ V0 þ Aðcosðω1tÞ þ cosðω2tÞÞ; ð4Þ

whereV0 is the bias voltage,A is the amplitude of the RFmodulation andω1

and ω2 two closely spaced, so-called fundamental, angular frequencies. The
induced phase change, in the case of a linear EO effect, would be:

ϕðtÞ ¼ πVðtÞ=Vπ; ð5Þ

whereVπ is the voltage required to induce aπ change in phase. References to
the phasemodulation amplitude in the following text refer to themaximum
value of this expression.

Due to non-linearities, various components will appear in the detected
spectrum at different combinations of the angular frequencies ω1 and ω2,
which are known as intermodulation distortions. The odd components of
intermodulation distortions are of interest as they cannot be filtered since
they fall close to themodulation frequency, and hence limit the resolution of
an analog device; the two most significant are the third-order inter-
modulation distortion (IMD3) at angular frequencies 2ω1-ω2 and 2ω2-ω1,
and fifth-order intermodulation distortion (IMD5) at angular frequencies
3ω1-2ω2, 3ω2-2ω1. The higher odd order IMDs generally have a lower
impact as the distortion power reduces with the order. Figure 3 shows an
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Fig. 2 | Transfer function of the analyzed modulators. In both figures, a represents the single-pass transmission and t the self-coupling coefficient of the ring, aMZI and
RAMZI. bMRM for critical coupling, a = t = 0.95, and for over/under coupling a = 0.95, t = 0.80, or a = 0.80, t = 0.95.

Fig. 3 | Example of the resulting two-tone test spectrum of the received photodiode
signal around the fundamental frequencies, for a MZI with 10 dBm input power.
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example of the resulting spectrum around the fundamental frequencies
when the two-tone test is performed, in this case for anMZIbiased atϕ=π/2
with RF input power per tone, Pin = 10 dBm, ω1/2π = 1.0 GHz and ω2/2π =
1.1 GHz; the fundamental, IMD3 and IMD5 components are highlighted.
The relative power of the various frequency components can be assessed in
order to understand where the bias point of the modulator should be
selected for improved linear operation, and how this depends on other
modulator parameters.

We start the non-linearity analysis by expanding the modulation
device power transfer function as a functionof a small change inphase (i.e., a
small RF signal power) around the bias phase pointϕb =πV0/Vπ, whereV0 is
the applied bias voltage1:

TðϕÞ ¼
X1
k¼0

akðϕ� ϕbÞk; ð6Þ

where ak are the expansion coefficients, defined as:

ak ¼
1
k!

dkT

dϕk

 !
ϕ¼ϕb

: ð7Þ

Table 1 is obtained by substituting Equation (5) into (6), expanding up
to the fifth order and collecting the terms at the frequencies of interest by
performing a trigonometric reduction. It lists the amplitude of the various
frequency components in the transfer function in terms of the expansion
coefficients and amplitude of the modulating signal; as expected the
amplitude of each component is dominated by the RF modulation ampli-
tude elevated to the component order. For an MZI, since the optimal bias
condition does not change with the amplitude of phase modulation, it is
sufficient to consider terms up to the third order, as in ref. 1. On the other
hand, for anymodulators employing rings, expansion up to the fifth order is
required to investigate large phase amplitude modulation, which is dis-
cussed in the following section.

IfT(ϕ) is the optical power transfer functionof a genericmodulator, the
power received at the photodiode is given by Marpaung1:

Pdiode ¼
rPDTðϕÞP

L

� �2 RL

2
; ð8Þ

where rPD is the responsivity of the photodiode,P is the optical power of the
external laser, L is a factor accounting for optical losses, and RL is the load
resistance of the photodiode. The division by two is due to lossy impedance
matching in receiver electronics, this assumes that a resistance matching
that of the read-out electronics is placed in parallel with the photodiode, so
half the power is delivered to this resistance and half to the read-out load.

Hence, given an optical power transfer function T(ϕ) of a modulator,
we can analyse the device linearity by obtaining the powers in the received
signal at the fundamental and non-linear distortion frequencies. In Fig. 4,
the transfer function TMRM(ϕ) of a critically coupledMRM (a = t = 0.95) is
plotted together with the Taylor function approximation arising from dif-
ferent orders of expansion, to illustrate the range of suitability of the
approximating function. Δϕ is the difference in phase from the bias point,
with the latter chosen such that the power in IMD3 isminimized for a phase
amplitude of π/100. The numbers in the figure key indicate the order of
expansion. Expandingup to thefifth order gives us an approximate function
with less than1%error compared toT(ϕ) for a rangeof −0.05≤Δϕ≤0.07, i.e.
a range of 27% to 76% of the max value of T(ϕ).

Results
Modulator comparison
In the following we compare the three modulator architectures fed by an
external continuous-wave (CW) laser. We focus on the relative power of
fundamental and IMD components, with the aimofminimizing the impact
of the latter in constraining the bit resolution of the analog photonic pro-
cessor. In an analog photonic processor, the resolution of the driver elec-
tronics is also important, new commercial high-speed DACs can reach 16
bit resolution34,35, with non-commercial DACs with lower power con-
sumption reaching 8 bit resolution36, hence the limiting factor here is
considered to be the modulator. The typical parameters of a silicon pho-
tonics implementation, with a commercial external laser, are employed: 293
K temperature, 10mWlaser power, −150Hz−1 laser relative intensity noise
(RIN), 0.8 A/W photodiode responsivity, 3.5 dB grating coupler losses and
50 Ω photodiode load resistance. The MZI was assumed to have an EO
phase modulator with Vπ = 5 V and an insertion loss of 6 dB. The MRM is
assumed to have aVπL = 0.6 Vcm37 with 80% of the circumference covered
by the EO element, an insertion loss of 3 dB20 and a ring radius of 15 μm,
chosen as a compromise between driving voltage and footprint. For the
RAMZI we assume a loss of 4 dB, similar to38, a = 0.95, t = 0.28, and θ = π/2,
selected, as previously stated, to optimize linearity with a lossy ring; the
insertion loss is generally lower than theMZI due to lower losses in the ring
modulating element compared to a straight PM element. The ring of the
RAMZI was again assumed to have VπL = 0.6 Vcm with 80% EO element
coverage assuming a similar fabrication process, but with a radius of 80 μm,
the latter similar to39. A larger ring radius is required for the RAMZI to have
a reasonable operating power since a larger phase modulation range is
required compared to the MRM.

In Fig. 5, the relative power of the various frequency components is
plotted both for the MZI and the RAMZI modulators for a phase mod-
ulation amplitude ϕa = π/2000, corresponding to an RF input power
Pin = −33 dBm for the RAMZI, and Pin = −42 dBm for the MZI. For the
MZI, a choice of operating bias is obvious at ϕb = π/2, as the IMD3 and
IMD5components follow the same trend as the fundamental power, andwe
haveno choice but tomaximise thepowerof all components together. There
are no free parameters in the transfer function that can be adjusted to vary
the non-linearity characteristics.

Contrastingly, both the RAMZI and MRM have multiple parameters
in the transfer functions which alter the non-linearity characteristics. Fur-
thermore, if a bias point is selected for which the power at the fundamental

Table 1 | Amplitude coefficients at various frequency
components for the two-tone test of a genericmodulator,with
power transfer function expanded up to the fifth order

Component Frequency Amplitude

Fundamental ω1, ω2 Aa1 þ 9
4A

3a3 þ 25
4 A5a5

IMD3 2ω1-ω2, 2ω2-ω1 3
4A

3a3 þ 25
8 A5a5

IMD5 3ω1-2ω2, 3ω2-2ω1 5
8A

5a5
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Fig. 4 | Transfer function of a ring (a= t= 0.95) expanded around the bias point
for which the third-order intermodulation distortion is minimized at a phase
amplitude of π/100. The numbers in the key indicate the order of expansion.
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frequency is maximized, considerable power at the IMD3 and IMD5 fre-
quencies would also be present, limiting the bit resolution of the analog
photonic processor.

For the RAMZI, losses in the ring create an asymmetry in the trans-
mission curve29.Using the analysismethodpresented here, the IMD3power
wasminimized at RF input powerPin =−33 dBm, by optimizing the t andϕ
parameters, i.e., by finding the modulator parameters for best-case linear
operation. This optimization results in double-peakedminima in the IMD3
curve: since both are close to the central point of the transmission curve
(minima occurring around ϕ = π), eithermay be chosen as a working point.
Figure 5c shows an enlargement of this region, showing that IMD3 com-
ponents are suppressed at the two minima.

In Fig. 6, the same analysis is performed for an all-passMRM. InFig. 6a
and b, a small phase amplitude of π/8000 is considered (corresponding to a
Pin =−30 dBm) for critically and non-critically coupled rings, respectively.
We observe that IMD3 is minimized when the bias phase is set for 50%
power transmission,which iswhy theminima shift rightwards for Fig. 6b, as
the ring resonance peak is broadened (as shown in Fig. 2b). For a larger
phase modulation amplitude of π/100, corresponding to Pin = 8 dBm, the
bias phase at which IMD3 is minimized shifts higher, as shown in Fig. 6c,
where the IMD3 for Pin =−30 dBm is plotted for comparison.

With the selection of the optimum bias point, the two-tone test is
performed for the three modulator architectures and the relative powers,
Pout, of the fundamental, IMD3 and IMD5 peaks are numerically obtained
from the spectrumof the output signal as a function ofPin. The spurious free
dynamic range (SFDR) can thus be analyzed, defined as the range of Pin for
which the fundamental tone is above, but the IMD distortions are below or
equal to the noise floor40, which is usually themaximum signal to noise and
distortion ratio (SINAD) achievable. From the SINAD, the effectivenumber
of bits can be obtained, defined as the number of bits used to digitally store
the values that can be resolved by the analog system, which defines its
resolution41.

The power in the fundamental, IMD3, and IMD5 components is
plotted as a function of the RF input power Pin in Figs. 7 and 8 at a set
modulator bias phase. Figure 7a refers to theMZI, Fig. 7b to the RAMZI, and

Fig. 8a and b to the critically coupled MRM with bias point optimized for
small and large phase modulation amplitude, respectively. To find the SFDR,
the noise floor must be calculated. The noise sources are assumed to be
thermal, shot, and laser RIN. In logarithmic units, it is given by Marpaung1:

NF ¼ 10 log10 B ð1þ gÞkBT þ qrPDTðϕÞPRL

2L
þ 10

RIN
10

rPDTðϕÞP
L

� �2
RL

4

 ! !
;

ð9Þ

where B is the bandwidth of the system, g is the link gain and modifies the
thermal noise of the transmitter (usually negligible in absence of amplifi-
cation, here assumed to be 0), kB is the Boltzmann constant, T is the tem-
perature, q is the electron charge, TðϕÞ is the average value of the
transmission function, and RIN is the relative intensity noise of the laser.
The noise floor plotted in the figures corresponds to B = 1Hz, which results
in a SFDR unit of dBHz

n�1
n , where n represents the scaling order of the non-

linearity.
Note that, apart from theMZI, the IMD3 and IMD5 donot necessarily

scale with RF input power to the third and fifth order. From Fig. 7a, the
SFDR limited by the third order non-linearity, SFDR3, is 103 dBHz2/3, the
IMD3 scaleswithP3

in and the IMD5 scaleswithP5
in. The effects of linearizing

the transfer function of the RAMZI are apparent in Fig. 7b, where both the
IMD3 and the IMD5 scale with P5

in. The bias point was chosen to minimize
the IMD3 component at a phase modulation amplitude of π/2000 (Pin =
−33 dBm). In this case the SFDR3 is 121 dBHz4/5. If the bias point shifts, for
example ϕ= 3.08 rad instead of the Pin = −33 dBm minima at 3.09 rad
(corresponding to an decrease of 0.3 %), the SFDR3 changes by less than 1
dBHz4/5, demonstrating the robustness of the RAMZI to bias point
fluctuation.

In Fig. 8a, the bias point (ϕb = 0.103 rad) of the MRM was selected in
order to minimize the IMD3 component at a phase modulation amplitude
of π/8000, corresponding to Pin = −30 dBm. Again, as the RF power
increases, IMD3 scales with P5

in, the SFDR3 in this case is 119 dBHz
4/5. If the

bias point is shifted lower by 0.3%, the SFDR3at 1Hzbandwidth reduces by
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Fig. 6 | Relative power in the frequency components corresponding to the fun-
damental, third-order intermodulation distortion, IMD3, and fifth-order
intermodulation distortion, IMD5, as a function of bias phase for the MRM.

(a) a = t = 0.95, phase modulation amplitude = π/8000; (b) a = 0.95, t = 0.80, phase
modulation amplitude = π/8000; (c) a = t = 0.95, phase modulation amplitude
=π/100.
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3 dB, showing that, compared to the RAMZI, the MRM is sensitive to bias
point phase drift. For a non-critically coupled ring with a(t) = 0.95,
t(a) = 0.80 optimized with the same Pin, the SFDR3 reduces to 115 dBHz

4/5.
In Fig. 8b, the bias point is selected to minimize the IMD3 component at a
higher RF power of 8 dBm, (ϕb = 0.112 rad, Fig. 6c), we observe that the
IMD3 power dips below that of the IMD5 component at Pin = 8 dBm. This
effect is present both for the RAMZI and MRM, even when the IMD3 is
minimized for lowerPin (expected fromFigs. 5c and 6a), but theminima are
not visible within the range selected for plotting in Figs. 7b and 8a, as the

power of the non-linearities are far under the 1 Hz noise floor when this
phenomenon occurs.

To investigatewhether an optimization of theMRMbias point for high
Pin is worthwhile, wemight consider a casewhere the noise floor is such that
it coincides with theminima in IMD3 and thus the IMD5 component limits
the SFDR. For Pin = 8 dBm and an external laser power of 10 dBm, this
corresponds to a system bandwidth of around 60MHz, resulting in a noise
floor of −91 dBm, also represented in Fig. 8b. This results in a slight
improvement in the SFDR compared to the case in which ϕb is selected to
minimize the IMD3 component at lower Pin. The SFDR limited by the fifth
order non-linearity is SFDR5=59.5 dB (corresponding to an effective bit
resolution of 9.6), comparable with the low Pin optimization achieving an
SFDR3 = 57.2 dB (corresponding to an effective bit resolution of 9.2).
However, if the noise floor was lowered (by reducing the bandwidth of the
system), the SFDR would worsen compared to the optimization for
small Pin.

Note that a similar effect is achievable with the RAMZI modulator,
however in this case the optimization of the bias phase of the ringmodulator
is not sufficient, and the parameter t must also be optimized as it was
previously for Pin= -33 dBm. In practice, this may be changed dynamically
with a thermally-tuned coupler42.

In Fig. 9, themaximum value of the signal to noise and distortion ratio
limited by the third order distortion, namely SINAD3, is reported as a
function of the external laser power for the three modulators at 10 GHz
bandwidth. Here the high-power non-linear two-photon and free-carrier
absorption effects are not considered, whichwould be present in silicon and
InP platforms. The nomenclature of SINAD, rather than SFDR, was chosen
due to the levelling-off of the fundamental curve at the Pin operating point
required for a 10 GHz noise floor. The bias phase of the RAMZI andMRM

Fig. 9 | Comparison of signal to noise and distortion ratio limited by the third order
distortion, SINAD3, and corresponding bit resolution for the three modulators as a
function of external laser power, system bandwidth of 10 GHz.
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are set to minimize the IMD3 component for small Pin. The laser power
modifies the power in the fundamental, IMD3, and IMD5 components, as
well as the level of noise floor. The effective bit resolution is displayed on the
right axis.Weobserve the best performance fromtheRAMZIas thepower is
increased, with amaximum bit resolution of around 7. The curves levels off
as the upper limit to the SINAD, set by the RIN of the laser, is approached41.
TheMZI exhibits the worst performance, with amaximumbit resolution of
6.3; additionally, compared to the MRM/RAMZI, the performance con-
siderably worsens when the optical power is lowered. If the bandwidth were
to be lowered, the difference in performance between the MRM/RAMZI
and MZI would become more pronounced, as the IMD3 components for
theMRM/RAMZI scalewithP5

in and for a smaller bandwidth the noisefloor
is lower, requiring a lower Pin to reach an optimum signal to noise and
distortion ratio.

For the critically-coupledMRM, by choosing to optimize the bias point
at higherPin in accordancewith the 10GHznoisefloor (similar to Fig. 8b), a
marginal improvement in the bit resolution of 0.1 is found; the effect of
optimization is smaller compared to lower noise floor/bandwidth due to the
fundamental power levelling off at high Pin. For the non-critically coupled
ring with a, (t) = 0.95, t, (a) = 0.8, the upper limit of the SINAD3 at 10GHz
reduces to 36 dB with an equivalent bit resolution of 5.7.

Case study on analog photonic processors for machine learning
applications
The previous section presented the design strategies and the operating point
optimization needed to maximise the effective bit resolution of different
optical modulators. In this section, we move from the device level to the
system level and report a practical methodology for addressing the issues
and trade-offs that arise when designing analog photonic processors. In our
numerical analysis, we consider three system architectures, which resemble
the three main multiplexing strategies used to implement feedforward
photonic neural networks: wavelength division multiplexing (WDM),
coherent PICs with spatial division multiplexing (SDM), and time division
multiplexing (TDM)43.

Figure 10a shows the micro-ring weight bank44, an architecture that
relies on multiple wavelengths to encode inputs. As the modulator must be
wavelength-selective, the only choice is touseMRMboth for input encoding
and for weighting. In this solution, M lightwaves coming from different
lasers are multiplexed within a single waveguide and modulated by M
micro-rings to impress the inputs. The resulting amplitude-modulated
WDM vector is broadcast to N weighting units, each composed ofM add-
dropMRMs that impress bothpositive andnegativeweights byunbalancing
the light power in eachwavelength between its upper and lowerwaveguides.
Finally, theWDMsignals are collected byN balanced photodetectorswhose
photocurrents create the output vector.

As this device requires amodulator toencode each input andweight, its
complexity scales quadratically with the number of inputs and outputs
O(M ⋅ N), and thus the required footprint and electrical connections.
Moreover, the higher the number of outputs, the lower the optical power
transmitted to eachweightingunit.Usually, the inputMRMsare fast and the
weighting ones are slow, i.e., the former are based on electro-optic

modulators and the latter rely on thermal tuning. As in every photonic
device, the design of the fast modulators is critical, as they set the limits of
speed, resolution, and power consumption of the whole system41. Usually,
the power consumption is the most critical aspect, so the aim here could be
to use a low driving power such that no RF amplifiers are needed. Con-
sidering a 4-input device, a peak-to-peak voltage,Vpp, of 0.5V, a laser power
of 10mW, a ring finesse of 16, an extinction ratio of 16 dB, an insertion loss
of 0.9 dB, VπL of 0.6 Vcm, 12 μm radius37, and with 80 % of the cir-
cumference covered by the EO element, an effective bit resolution at the
input of 3.3 bits is achieved at 10 GHz. The optimal bit resolution of 6.4 is
achievedwith a higherVpp of 4.1 V.Once the resolution of the input stage is
fixed, the thermal MRMs in the weighting banks can be designed accord-
ingly, a lower quality factor can be tolerated, thus avoiding trimming
techniques23. Nevertheless, precise feedback control loops are required to
counteract thermal drifts and other interference effects asmicro-rings suffer
from stability issues45.

The coherent photonic crossbar array46, depicted in Fig. 10b, is a
recently-proposed interferometric structure able to realise both real- and
complex-valued matrix operations. Differently from coherent unitary
processors47, it allows for a direct mapping of inputs and weights, and is
able to attain a greatfidelity ( > 99.9%) evenwith structures scaled towards
high number of inputs and weights48. The device performs vector-matrix
multiplications through the coherent recombination of modulated light
via nested modulators within a splitting and recombining tree config-
uration made of M rows and N columns, resembling M inputs and N
outputs. Thermal shifters are added to the diagonal branches to support
complex value operations. To balance the power within the vertical
branches, the splitting ratio of the successive 1 × 2 branches are adjusted
accordingly.

Being a coherent processor, a good control over phase is required, and
thus theuse ofMZIs orRAMZIs avoids theneed for complex feedback loops
thatwould be required to adjust the highly non-linear phase/voltage relation
of rings. Still, MRMs could be used if the system design were to target a
reduced footprint. Because of the directmapping of inputs andweights, this
system requires a modulator to encode each parameter, so the number of
modulators scales as O(M ⋅ N). The choice of MZIs reduces the footprint
compared to RAMZIs. Again, the input modulators are usually fast, thus
being themost critical devices. As discussed in the previous sub-section, for
any RF power the optimal MZI bias point is fixed at the 3-dB point.
Accounting for a laser power of 10 dBm, 6 dB losses due to the power
splitting, and 6 dB insertion loss of the MZI, a 4-input architecture can
achieve 4.5 effective bits at 10 GHz, with a Vpp of 1.6 V for a Vπ of 5 V. To
increase the resolution, RAMZIs can be used at the input instead of the
MZIs. In this case, assuming aVπL of 0.6 Vcm, a ringwith a radius of 80 μm
with anEOelement length of 80%of the circumference and an insertion loss
of 4dB, a bit resolutionof 5.2 is achieved for a signalwith aVpp of 9.1V. Such
a high driving voltage may, however, be impractical due to the increased
power consumption, cost, and size of the driving electronics. For this reason
the peak-to-peak voltage could be reduced down to 0.5 V at a cost to the bit
resolution, which would be reduced to 2.4 and 2.9 bits for the MRM and
MZI respectively.
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The last architecture considered is the photonic-electronic multiply-
accumulate neuron (PEMAN)14, whose scheme is outlined in Fig. 10c. This
TDM architecture performs fast multiplications in the photonic domain,
while the accumulation part is performedwithin a custom analog electronic
front-end. In a single time frame, the first modulator impresses an input in
the amplitudeof a lightwave,which is in turnbroadcast toNweightingunits,
implementingN different neurons. Eachweight unit is composed of a 1 × 2
modulator and a balanced photodetector, whose output photocurrent
encodes the result of the dot-product multiplication between input and
weights Xi ⋅Wj. TheN branches parallelize the computations ofN neurons,
where the weights per neuron are time-multiplexed. The number of sup-
ported connections (weights) perneuron canbe as high as somehundreds14,
and depends on the analog electronic frontend.

Differently from the other two architectures, a key advantage of
the PEMAN is that the number of modulators is constant with respect
to the number of inputs and outputs: the complexity scales with O(N)
and with four branches, only five modulators are needed in total.
Nevertheless, the system design is more complex as every modulator is
high-speed and a co-design with the custom analog electronic frontend
is required. This architecture can use any kind of modulator, with the
choice depending on specific design priorities: for instance, in ref. 43
electro-absorption modulators were used to realize the photonic part
of the PEMAN. The main performance metrics that undergo a trade-
off are: footprint, speed, power consumption, resolution, optical losses,
and complexity of the driving electronics. Relying on MRMs would
provide the lowest footprint, a reduced power consumption, and a
good bit resolution, but post-fabrication trimming techniques and/or
stabilization feedback are required, with the latter increasing the
energy consumption. The MZIs do not guarantee the highest resolu-
tion, have a large footprint, but also good stability, large bandwidth,
and would require a simpler bias circuitry. A RAMZI based device
would provide the highest resolution, at the price of all other metrics.
Considering a laser power of 10 dBm and the above-reported losses for
each modulator type, at 10 GHz and the maximum driving voltage the
PEMAN could achieve 6.4, 5.7 and 6.5 bits of input resolution, for an
MRM, MZI, or RAMZI, respectively. Here, we are approximating the
resolution to that of the input modulator, which results the same as the
whole circuit as detailed in the related publications14,41.

Table 2 reports a direct numerical comparison of the three systems
with different composite modulators, in terms of the achievable resolution
reported at different driving voltages, showinghowmodulator choice affects
the processor performance. The resolution is given in a range, targeting a
4-branch device, a modulation frequency of 10 GHz, and the above-
reported parameters for modulators and architectures. The minimum
resolution quoted for eachmodulator is calculated at a driving peak-to-peak
voltage of 0.5 V, while the maximum Vpp gives the best resolution achiev-
able. We report the driving voltage as a key metric as it is directly related to
the complexity of the elctronic circuitry and its power consumption. In
particular, using a Vpp < 1 V would allow for direct driving of CMOS

circuitry, avoiding bulky, expensive, and energy intensive RF drivers. Still,
the reported resolution results must be considered as the upper limit
achievable by photonic modulators, the driving and reading electronic
circuitry inevitably introduce additional quantization noise and
distortions49. For all the consideredcases, theminimumresolution is above2
equivalent bits, except when using the RAMZI in the coherent crossbar as
theRAMZI requires a higher driving power, and in a coherent architecture a
single laser is split between several branches with a corresponding power
penalty. Conversely, at the price of a high driving voltage, the RAMZI
assures the highest resolution. The power consumption is a lot higher than
the MRM, as the latter can be driven with a voltage equal to a small pro-
portion of the Vπ to achieve large output intensity modulation, while the
ring loaded on the RAMZI requires a larger fraction of Vπ to achieve the
same dynamic. The driving voltage can be reduced by increasing the ring
radius, with a negative impact on the footprint. In all cases, increasing the
laser power would increase the resolution up to the limit imposed by its
RIN41, though this may not be feasible in practice due to non-linear
absorption effects at high power.

From this comparison theMZI is demonstrated to be themost suitable
modulator for the PEMAN and the coherent crossbar, providing a good
trade-off between resolution and driving voltages. Notably, our analysis
revealed that microrings can provide a high resolution with relatively low
driving voltages. However, unless the footprint is paramount in the analog
system, the MRM is the most suitable modulator for the photonic weight
bank only, due to the need of precise fabrication/post-fabrication trimming
and a precise locking of the bias point. The RAMZI provides a resolution
advantage compared to theMZI, but requires amuchhigherdriving voltage.
In the case of the photonic crossbar, where lower optical power reaches the
modulators, the RAMZI performance drops below that of the microring
modulator. Hence, it should be considered only for TDM architectures
when maximum optical resolution is required.

Conclusions
Analog photonics has the potential to bring significant benefits in a wide
variety of applications, including brain-inspired computing architectures
and programmable microwave photonic processors. The recent advance-
ments in fabrication processes allow for higher yields and more degrees of
freedom in the design of photonic components, enhancing the potential of
these systems. In this paper, we presented a method for analysing the lin-
earity of a generic optical modulator, and applied it to three common
modulators, namely theMRM, theMZI and the RAMZI, in order to inform
design and operational decisions for optimising SFDR and effective bit
resolution.We then reported the issues tobe tackledand the trade-offswhen
using suchmodulators in a whole system, considering practical examples of
three common neural network photonic processors. The chosen archi-
tectures exemplify the three main multiplexing strategies used in neuro-
morphic PICs: themicro-ringweight bank forWDM; the coherent crossbar
for SDM; and the photonic-electronic neuron for TDM. We discussed the
impact of themodulator choice, its design, and the required driving voltage,
representative of electronic circuit complexity and power consumption.
Microringmodulators allow for the implementation ofWDMarchitectures,
and offer good resolution even at low driving voltages. However, they
require a precise fabrication/post-fabrication trimming and require stabi-
lizationduring operation.Mach-Zehndermodulators strike a better balance
between stability, resolution and required voltage, and should be regardedas
the primary choice for SDM and TDM architectures, unless a reduced
footprint is paramount, for which MRMs are preferable. The ring-assisted
MZIs achieve the highest resolution; despite beingmore robust to bias point
fluctuation thanMRMs, the difference in achievable resolution is small and
they require almost double the driving voltage. Furthermore, in reduced
optical power scenarios, as in the coherent crossbar architecture, theRAMZI
maximumresolution drops below that of theMRM,making it less practical.

Data availability
Data available on request from the authors.

Table 2 | Comparison between the photonic neural network
architectures with different modulators

Architecture MRM MZI RAMZI
Resolution Resolution Resolution
Driving voltage Driving voltage Driving voltage

Micro-ring 3.3–6.4 bits - -

Weight Bank 0.5–4.1 V

Coherent 2.4–5.6 bits 2.9–4.5 bits 1.1–5.2 bits

Photonic Crossbar 0.5–4.8 V 0.5–1.6 V 0.5–9.1 V

PEMAN 3.3–6.4 bits 4.6–5.7 bits 2.6–6.5 bits

0.5–4.1 V 0.5–1.1 V 0.5–7.5 V

The resolution is given as a range between that corresponding to a driving peak-to-peak voltage of
0.5 V, and themaximumachievable one. All computations target 4-branches deviceswith a 10GHz
modulation.
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