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Abstract: We present the first power dissipation bounds for a generalised class of photonic
analog to digital converters, and estimate their achievable power efficiency compared to
conventional electronic designs. © 2022 The Author(s)

1. Introduction

Analog to digital converters (ADCs) are ubiquitous devices found in any system that requires the digital processing
or storage of continuous time signals. The speed, accuracy and efficiency of ADCs can profoundly impact system
architectures and overall performance across a huge variety of applications, including optical and wireless com-
munications, electronic warfare, medical imaging, and instrumentation. In optical and wireless communications
systems, the accuracy of the high speed (> 1 GHz) ADCs required to digitise high baudrate signals is often limited
by clock jitter or comparator ambiguity, which can limit spectral efficiency and modulation format flexibility.

This well known trade-off between sampling speed and digitisation accuracy, characterised by signal to noise
ratio (SNR) or effective number of bits (ENOB), is a key challenge in ADC design. Many have proposed photonic
designs to combat this trade-off [1]: optics based samplers and converters that exploit the high bandwidth and low
jitter of optical sources, with a wide variety of published photonic ADC architectures demonstrating performance
well in excess of state of the art electronic ADCs (e.g. 7 bits ENOB at 40 GHz [2, 3]). Despite this impressive
performance there has been, to the best of our knowledge, little to no discussion of the power efficiency of photonic
ADCs. Power dissipation and efficiency are critical factors in determining the performance of ADCs, especially in
communications systems that are designed to minimise the energy consumption or cost per bit transmitted [4, 5].
Therefore, assessing the power consumption and efficiency is essential to determining whether the impressive
speed-resolution performance afforded by photonic ADCs can translate into real-world improvements in network
capacity and efficiency in energy sensitive applications [6].

In this paper, we derive lower bounds on the power consumption of photonic ADCs. We discuss how the main
active components required to implement a photonic ADC impact the overall energy per sample, and compare the
power efficiency performance of common photonic ADCs to conventional electronic ADCs in terms of the widely

used Schreier figure of merit, FOMg = &f XPSNR [4,7], for Nyquist bandwidth Af and power consumption P.

2. Power dissipation bounds

Although photonic ADCs have been demonstrated with a wide variety of architectures [1], most of the best per-
forming designs can be described as a variation of the generalised model shown in Fig. 1(a) [2, 3,9, 10]. This
model is generalised in the sense that it contains the minimum active components required to implement a pho-
tonic ADC: a pulsed laser source as the optical sampling device, an electro-optic modulator to map the input signal
onto the optical pulse train, followed by a bank of N channels containing a photoreceiver and electronic sub-ADC
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Fig. 1. (a) Generalised model of a photonic ADC, with principal active components highlighted in orange. (b) Sub-receiver
model: the illuminated photodiode switches an ADC input, represented as a capacitive load, to the full scale voltage Vg [8].



that detect subsets (either in the time [2, 9] or frequency [3, 10] domains) of the incoming signal in parallel at a
fraction of the aggregate sampling rate. The signal is then reconstructed digitally to obtain the full rate signal at the
much higher resolution offered by such optical techniques. The power consumption contribution of the required
restitching digital signal processing (DSP) is not considered here since it is the same for interleaving electronic
ADCs, which are the most common designs at high sampling rates, so is not relevant for comparison.

Considering the highlighted active components in Fig. 1, we can derive an expression for the energy per sample
of a photonic ADC digitising an input signal defined only by its peak to average power ratio (PAPR)
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for sampling rate f; = 2Af, photodiode responsivity R, photodiode bias Vy;as, laser wall plug efficiency nwpg. The
modulator is assumed to be a travelling wave Mach-Zehnder modulator of input impedance Zy and Vy = AfVyy,
where Vay is the modulator V; per Hz bandwidth (in volts per Hz), which is driven such that the peak value of the
input signal is equal to the full modulation depth of the modulator (hence the PAPR factor in (1)). It is assumed
that the modulator nonlinearity can be compensated through simple digital compensation [11]: the factor 47>
comes from the linearized modulator transfer function. Note that actual photonic ADCs will contain additional
passive components: e.g. a pulse interleaver [2], filters and gratings [10] or dispersive elements [9] that are not
shown in the generalised model of Fig. 1. In terms of power consumption, the effect of these passive components
is to simply reduce the effective wall plug efficiency of the optical source. Some may even have multiple optical
sources [3, 10], which will simply increase the value of the optical power term.

The required optical source power Fop is set by the power required to achieve a desired SNR, given the noise
limits set by shot and thermal noise for optical frequency v and Planck constant &
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Here, the thermal noise floor is set by the minimum optical energy to switch a capacitive load Cryx at the desired
SNR within a single sampling period, including the photodiode junction capacitance, as shown in Fig. 1(b) [8].
The best performing photonic ADCs are usually (or designed to be) jitter limited, in which case the SNR follows
the well known upper bound of SNR = (276 f;,) ~2 for root-mean-square jitter ¢ and input frequency f;,.

Fig. 2(a) plots the modulator energy per sample as a function of f; (assuming Nyquist rate sampling) for PAPR =
3 dB (i.e. a sine wave). Although 10 GHz/V is typical for commercially available modulators, recent results have
demonstrated modulators approaching 100 GHz/V performance [12], which Fig. 2(a) shows has a potential to
significantly reduce the energy per sample. Also plotted is the thermal noise limited sub-ADC power consumption
in the scenario that the ADC is jitter limited: note here that energy per sample increases with improved jitter, since
more accurate sub-ADC digitisation is needed to detect the higher SNR signal. On the other hand, increasing
frequency for a fixed jitter decreases the power consumption as the SNR decreases. Fig. 2(b) shows how a higher
SNR increases the energy per sample due to the increase in optical power needed to overcome shot and thermal
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Fig. 2. (a) Modulator and jitter limited energy per sample scaling with f;. (b) Optical power limited energy per sample scaling
with SNR: dashed and dotted lines indicate the shot and thermal noise limits respectively for each case. For all cases in both
plots: Zy =50 Q, Vhias =3 V,R=1A/W, v =192 THz, T =300 K.
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Fig. 3. (a) FOMj estimation for photonic ADCs (red circles) compared to published results from electronic ADCs [14]. The
red shaded area indicates the achievable FOMg for generalised photonic ADCs based on (1)/(2) and the parameters in (b).
The red arrows extending from the photonic ADC results indicate the maximum estimated FOMg for each architecture.

noise, as per (2). Two cases are plotted: {nwpg = 0.1 %, Crx = 1 pF} (blue) and {nwpg = 10 %, Crx = 100 fF}
(red) with the limits imposed by shot and thermal noise indicated for each case. Clearly, shot and thermal noise
limit are the dominant contributions to the energy per sample for high and low SNR respectively. Recent results
have demonstrated microcomb sources with wall plug efficiencies up to 3.4% [13].

3. Power efficiency comparison with electronic ADCs

We also estimate a range for the achievable FOMg in Fig. 3(a). The red shaded region indicates the achievable
FOMj for photonic ADCs calculated from (1)/(2) based on the best and the worst case parameters in Fig. 3(b). The
blue dots are the measured FOMg from published electronic ADC results [14]. Red circles indicate the estimated
FOMj for various photonic ADCs, based on the published frequency/SNR result and best estimates of the power
consumption of the components used. Since these published photonic ADCs results were likely designed without
regard for power consumption, we have also estimated the maximum achievable FOMg based on the minimum
estimated power (using the ‘best’ parameters in Fig. 3(b)) required to achieve the presented result, which is in-
dicated using an arrow for each result. While even in the best scenario our estimates for photonic ADCs FOMg
barely exceeds published electronic ADC results for f; < 108 Hz, the red shaded area in Fig. 3(a) clearly indicates
that photonic ADCs may outperform their electronic ADC counterparts on an FOMjg basis at higher frequencies
due to their superior jitter performance.

4. Conclusion

We model and estimate the power consumption lower bounds of photonic ADCs and compare them with electronic
ADC:s for the first time. We show that photonic ADCs may outperform electronic ADCs on a FOMg basis in high
(fs > 10'° Hz) frequency scenarios due to their superior jitter performance. Note that the results presented here
are theoretical bounds, which represent the best achievable results for practical designs.
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