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Abstract 
Coherent optical detection has eventually brushed off its flavor of being exclusively dedicated to longhaul and 

metro-scale data transmission. It is now introduced to the short-reach realm, where simplicity and cost/energy-

effectiveness are paramount. Towards this direction, a photonic signal processing circuit for signal recovery is 

introduced and experimentally evaluated in two phase-agnostic coherent receiver architectures that build on 

either a 90° or 120° hybrid for mixing a free-running local oscillator with a real-valued data signal. The required 

envelope detection function after coherent detection is accomplished through re-translating the beat signal into 

the optical domain, which is accomplished by leveraging highly efficient current-to-frequency conversion that 

enables a direct-drive scheme for the photonic signal processing circuit without extra amplification of the 

detected photocurrent. Squaring and summing of the quadratures is then performed in the optical domain through 

either an interferometric filter or a compact micro-ring resonator. It is demonstrated that the photonic outline of 

the signal processing chain does not necessarily go with an overhead in energy and size – but can instead be 

more efficient than electronics-based analogue circuitry, both in terms of power consumption and device 

footprint.  

 

I. Introduction 

Coherent optical detection is of high interest in the field of optical telecommunications due to its unique 

offerings when it comes to accessing phase information, its unprecedented sensitivity and spectral selectivity. 

However, these advantages come at a high degree of implementation complexity, which hinders its practical 

introduction in cost-sensitive segments such as intra-datacenter networks or optical access [1-3]. Various 

coherent transmission architectures have been investigated to strike a balance between performance gains and 

complexity, primarily targeting a simplification of the coherent receiver sub-system and the involved signal 

processing methods. 

 Progress in photonic integration technology has enabled recent works to demonstrate chip-scale full-field 

receivers incorporating phase-locked loops and carrier-phase recovery on hybrid opto-electronic circuitry [4-6]. 

Alternatively, self-homodyne coherent detection schemes have been investigated by taking additional fiber cores 

into consideration [7-10], in an attempt to shift complexity from the signal processing domain to the physical 

layer. This strategy can be reversed by the Kramers-Kronig receiver [11] that simplifies the detector hardware to 

a minimum, while instead requiring higher-bandwidth electronics and digital signal processing (DSP). Carrier-

assisted differential detection [12, 13] can realize optical field recovery while mitigating the restriction to single-

sideband modulated formats and the burden of a local oscillator (LO). 

 Further simplification concerning DSP-less reception is possible when moving from full-field reception to 

phase-agnostic detection of real-valued data signals. Towards this direction, earlier works have demonstrated 

analogue signal processing performing envelope detection in the radio frequency (RF) domain through coherent 

heterodyne and intradyne phase-diversity detection methodologies [14-17]. These works strive to push the 

bandwidth and energy efficiency of the involved RF electronics, which ultimately determine the supported data 

rate. The fact that coherent detection is not necessarily bound to complexity is nicely pronounced in [18], 

demonstrating a full-duplex coherent transceiver realized through a single laser-modulator element. 

 This work enters the realm of photonic signal processing (ΦSP) to accomplish all required operations to 

support the phase-agnostic coherent detection of real-valued optical data signals. This concept has been briefly 

introduced in an earlier investigation [19] that is extended through the present analysis, by experimentally 

demonstrating that envelope detection can be conducted optically after phase-diversity reception takes place with 

either a 90° or 120° hybrid used as optical mixer. An efficient translation of the detected photocurrents to the 

optical domain is introduced, which enables a simplification of the RF domain by omitting electrical 

amplification and signal conditioning, thus opening avenues for a highly energy efficient and compact 

implementation of the signal processing stage. Towards this, it will be shown that the ΦSP approach outperforms 

RF-based analogue signal processing with regards to the reception sensitivity, the required energy consumption 

and the footprint of the involved circuits. 

 This manuscript is organized as follows. Section II introduces the concept of ΦSP and compares it to the 



traditional analogue RF-based method employed for phase-agnostic coherent detection. Section III introduces the 

experimental framework that has been used to evaluate the proposed concept. Section IV then discusses the 

transmission performance for both, ΦSP and RF-based signal processing. A comparison of implementation 

requirements in terms of energy consumption and device footprint is made in Section V, before Section VI 

concludes the work. 

 

 

Fig. 1. (a) Conceptual scheme for phase-agnostic coherent reception and (b) related ΦSP principle with (c)  

corresponding implementation example. 

 

II. Photonic Signal Processing Architecture for Phase-Agnostic Coherent Reception  

Phase-agnostic coherent reception of a real-valued signal can be accomplished through phase-diversity reception 

[20]. Figure 1(a) introduces a representative example of a corresponding receiver with an architecture that builds 

on a 90° hybrid as optical mixer, whose balanced photodiodes yield the photocurrents 
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for the I and Q quadratures, respectively. Here, sOOK stands for the transmitted on-off keyed (OOK) data signal, 

PLO for the power of the LO, ΩIF denotes the intermediate frequency (IF) that results from coherent intradyne 

detection with a free-running LO, and φ accounts for the corresponding phase noise. To recover the original data 

signal sOOK, envelope detection can be performed according to 

 

 o(t) = iphI
2
(t) + iphQ

2
(t) (2) 

 

which resembles the transmitted OOK data. Such a processing function has been demonstrated in the analogue 

RF domain through use of signal conditioning followed by four-quadrant multiplication. 

 The present investigation instead focuses on signal processing in the analogue optical domain, as it has been 

recently introduced for the purpose of duobinary demodulation or multi-level symbol slicing [21]. For the 

purpose of envelope detection, the ΦSP is employed according to the constituent functions that are detailed in 

Fig. 1(b). The ΦSP commences with a conversion of the I and Q photocurrents of the coherent receiver back to 

the optical domain. This is accomplished by an amplitude-to-frequency (A/F) converter that is directly fed by the 

balanced PIN photodiodes, without extra signal conditioning such as contributed through electrical 

amplification. The frequency-domain representations are then squared in the optical domain and the sum of 

squares, according to Eq. (2), completes the signal processing during the subsequent photodetection. In the 

following, the constituent functions that collectively serve the ΦSP chain are discussed in detail. 
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Fig. 2. (a) Heterodyned RF spectrum for CRX input OOK signal at an IF much larger than the symbol rate. (b)  

I,Q photocurrents after intradyne coherent reception, with an IF much smaller than the symbol rate. (c) 

Heterodyned DBR output spectrum as a function of the ROP. 

 

 A. Direct-Drive A/F Converter 

A laser with modulated distributed Bragg reflector (DBR) is employed as an efficient optical frequency 

modulator. The DBR section of the laser is directly driven by the unamplified photocurrent iph(t). With this, the 

optical emission frequency ν of the laser, which can be typically tuned by several nanometers, is not only 

coarsely determined by its bias current, but finely adjusted by the additional DBR drive current. Provided that 

the induced modulation remains within a DBR laser mode, the instantaneous optical frequency of the frequency 

modulated (FM) signal becomes 

 

 ν = v0 + νΔ ∙ iph(t), (3) 

 

with v0 being the nominal emission frequency of the DBR laser at its bias point and vΔ denotes its conversion 

efficiency for translating a drive current into a frequency excursion. 

 Figure 2 gives an example about the FM efficiency that is characteristic for a DBR laser that will be later 

used in the experiment: The input data signal to the coherent receiver in Fig. 1(b), presented in Fig. 2(a) in terms 

of an RF spectrum after heterodyning it with a reference laser to an IF at fhet ≈ 5 GHz, features a low bandwidth 

of 100 MHz. Figure 2(b) reports the I and Q time-domain photocurrents that are generated by this data signal at a 

received optical power (ROP) of -20 dBm after coherent phase-diversity reception. A peak-to-peak current of 

~150 µApp is yielded for a LO power of 9 dBm to the optical 90° mixer, taking typical excess losses for the 

optical hybrid and polarization controller into consideration. When using these photocurrents to directly drive a 

DBR laser, the (again heterodyned) DBR output signal of Fig. 2(c) is obtained. This output is presented for a 

step size of 2 dB in the ROP range from -14 to -34 dBm to the coherent receiver (CRX). As can be noticed, there 

is a high contrast between the original input data signal bandwidth (Fig. 2(a)) and the much wider frequency 

deviation of more than 3 GHz for the DBR output – despite the unamplified DBR drive. This renders the DBR 

laser as a highly efficient A/F converter but also requires the subsequent photoreceiver to provision an opto-

electronic bandwidth wider than the transmitted data bandwidth. Nonetheless, broadband PIN photodiodes are 

typically available in mature photonic integration platforms. 

 B. Optical Sum of Squares 

With the I and Q quadratures of the coherent receiver now being represented by their frequency-domain 

representations, the process of squaring becomes a simpler exercise since it can be accomplished with suitable 

optical filters. The investigation in this work will focus on two filter types, including an asymmetric Mach-

Zehnder delay interferometer (DI) and a micro-ring resonator (MRR). Provided that these filters have a periodic 

transfer function, the squaring process can be further accommodated for multiple wavelength channels, 

essentially meaning that only one filter is required for square both quadratures. 
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Fig. 3. (a) Transfer function δ, measured response µ  and approximation as square function σ for (a) the DI and 

(b) the MRR, for which (c) shows a chip photograph. 

 

 Figure 3(a) presents the measured optical transfer function µDI(ν) of a 10-GHz DI that will be employed as 

the multi-wavelength squarer in the further experimental assessment. The periodic transmission of the DI is 

shown as function of the relative optical frequency ν to one of its notches. Further included is the theoretical 

transmission function 

 

 δDI(ν) = ½ [1 – cos(2πν ΔT)] (4) 

 

where ΔT stands for the differential delay introduced by the longer arm of the DI. This differential delay 

corresponds to the inverse of the free spectral range (FSR). If δDI(ν) is observed close to its spectral notch, where 

|ν| < FSR/4, there is a good overlap with the approximation function 

 

 σDI(ν) = (πν ΔT)
2
. (5) 

 

This means that a square-function is obtained at the notch of the DI. The carrier offset v0 is then chosen to 

spectrally center the frequency-domain representations of the photocurrents to any of the DI notches yielded by 

its periodic transfer function. The frequency deviation νΔ of the FM photocurrents is kept small enough to remain 

in the quadratic region of the DI transfer function, close to its notch frequencies. Given that the power levels of 

the two FM input signals are balanced, the output signal of the DI, which is detected by a photoreceiver, then 

becomes 

 

 oDI(t) ~ ∑[πν iphI,Q(t) / FSR]
2
. (6) 

 

This result corresponds to the desired signal processing function sought for phase-agnostic coherent detection. In 

case the two inputs of the DI are imbalanced in their transmission function, the signal processing stage requires 

an initial calibration that balances the I, Q path losses through choosing the DBR launch for each branch 

accordingly. The DI used for the experimental evaluation showed a loss imbalance of 0.14 dB for its two ports. 

  

 

Fig. 4. ΦSP principle adopted for a phase-diversity CRX based on a 120° hybrid as optical mixer. 
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The DI-based multi-wavelength squarer, which necessitates a large device footprint to implement its delay ΔT, 

can be substituted by a more compact MRR. Figure 3(b) presents the transfer characteristics of this alternative 

filter implementation. The measured transfer function µMRR(ν) has been acquired for the silicon MRR that is 

shown in Fig. 3(c). The MRR has been fabricated on silicon-on-insulator (SoI) technology with a 220×500 nm
2
 

waveguide cross-section. Its FSR is 9.3 GHz and the FWHM bandwidth for the drop transmission is 1.6 GHz. 

The footprint of the folded MRR structure is 220×2050 µm
2
. Figure 3(b) further includes the theoretical 

transmission function [22] for the through-port of a MRR, 
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where F stands for the finesse, rMRR denotes the equivalent radius of an unfolded MRR structure, neff is the 

effective refractive index, and c0 the speed of light. This transmission function can be approximated by 
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At the resonance frequency of the MRR, this transmission function can be further approximated by the square 

function 

 

 2( ) ~
MRR

σ ν ξν  (10) 

 

The desired output o(t) of the recovered data signal is then obtained by centering the frequency-domain 

representations of the I and Q quadratures at the spectral notches of the MRR while leveling their frequency 

deviation.  

 To compare the proposed ΦSP scheme to alternative CRX implementations, Figure 4 presents a as a phase-

agnostic and, at the same time, simplified receiver implementation based on a 120° hybrid. The corresponding 

photocurrents iph1…3 of this receiver with a reduced number of photodiodes now show a 2π/3 phase shift for their 

IF when a 3×3 coupler is used as optical mixer, as elaborated in detail in [23]. The original data signal can be 

similarly yielded by again producing the sum of squares of the photocurrents [14]. Section IV.B will evaluate 

this simplified receiver configuration when adopting the proposed ΦSP concept. 

 

 

Fig. 5.  Experimental setup with the CRX implementations for ΦSP and RF-based ASP with optical 90° and 

120° mixers. 
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III. Experimental Evaluation 

The proposed ΦSP technique and traditional RF-based analogue signal processing (ASP) have been evaluated 

using the setup shown in Fig. 5. An OOK signal was modulated on an optical carrier at 1550 nm using an 

arbitrary waveform generator (AWG) that drives a Mach-Zehnder modulator (MZM). The signal was then 

transmitted over a standard single-mode fiber (SMF) span with a length of 14.3 km and a variable optical 

attenuator (VOA) set the ROP to a coherent phase-diversity receiver that builds on either a 90° or a 120° hybrid 

as optical mixer between the signal and a LO. The free-running LO had an optical power of 9 dBm and was 

tuned to the optical input signal so to minimize the frequency offset, resulting in an intradyne detection scenario. 

The input state of polarization to the optical mixer has been controlled using a manual polarization controller 

(PC). In this way, the performances between ΦSP and ASP can be accurately compared, without further 

influence by a random input polarization state. Nonetheless, polarization diversity or multiplexing can be 

supported through modification of the coherent receiver architecture, as for example demonstrated in [4, 6, 9, 14, 

16, 24]. 

 The electrical back-end following the photodetection at the output of the optical mixer differs between both 

signal processing architectures: For the RF-assisted ASP-based scheme based on 90° hybrid, the balanced PIN 

detectors are co-integrated with transimpedance amplifiers (TIA) characterized by a transimpedance of ZT = 60 

dBΩ. The detected signals are further conditioned by low-noise amplifiers (LNA) with a gain of 10 dB/stage, to 

pre-compensate for the loss of the subsequent four-quadrant RF multipliers (4QM) that serve the envelope 

detection of the I,Q quadratures. 

 

 

Fig. 6.  DBR laser tuning: (a) heterodyned beat note and (b) emission wavelength as a function of the DBR 

current. 

 

 For the alternative ΦSP scheme the raw photocurrents of the balanced PIN diodes are directly driving the 

DBR sections of the respective lasers used for A/F conversion – without employing TIA or LNA stages for the 

purpose of signal conditioning. The gain section of the DBR laser was biased at 40 mA, yielding an output 

power of 1.4 dBm. The bias points of the balanced photodiodes and the DBR lasers in the I and Q branches of 

the coherent receiver are independently chosen through a cascade of bias-Ts. With this, dedicated bias points IBI 

and IBQ can be defined for the DBR lasers, resulting in different optical frequencies ν0 for the FM representations 

of the photocurrents. The optical frequencies at the laser outputs tune with 17.9 GHz/mA, owing to the wide 

tunability of their DBR sections (Fig. 6). Consequently, different spectral notches can be selected for the multi-

wavelength squarer (SQU) and a sum function can be accomplished without signal-signal interference. The SQU 

was either chosen to be the aforementioned 10-GHz DI, for which the I and Q quadratures can be launched into 

its complementary ports, or the silicon MRR that is preceded by a colorless 50/50 coupler to simultaneously use 

the through-port of the MRR for both quadratures. A photoreceiver with TIA back-end then converts the sum of 

squared I and Q quadratures to the electrical domain. An avalanche photodetector (APD) was chosen as opto-

electronic summing element to accommodate the fiber-to-fiber pass-through loss of ~16 dB when squaring the 

FM signals with the SoI-based MRR. The signal was then digitized with a real-time scope and the bit error ratio 

(BER) has been estimated to serve the performance comparison. 
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Fig. 7.  (a) Electro-optic modulation bandwidth of the DBR section. (b) Optical spectra at the CRX input and for 

the resulting frequency-translated I,Q photocurrents before and after spectral processing through the DI. 

 

 Even though the DBR lasers show an exceptional efficiency as an A/F converter, their electro-optic response 

for DBR modulation drops sharply after reaching its 3dB-bandwidth of 270 MHz (Fig. 7(a)). This is presently 

seen as the main limitation for the presented experiment, as it limits the symbol rate of the OOK data signal to 

Rsym = 100 Mb/s to remain in the flat region of the electro-optic response. However, DBR lasers with a much 

faster DBR response of up to 10 GHz have been demonstrated elsewhere [25], while further potential for a fast 

A/F conversion is provided through various fast tunable laser implementations [26-28]. 

 Figure 5 further presents the experimental configurations for the CRX based on a 120° hybrid as optical 

mixer. These CRX follow a layout in tight analogy to the earlier discussed implementations, with the difference 

that polarization-insensitive reception is obtained by applying a diversity LO feed to the 3×3 coupler serving as 

optical mixer [14].  

 

 

Fig. 8.  Eye diagrams along the ΦSP chain and corresponding RF signal spectra. 

 

IV. Signal Recovery Performance 

 A. Phase-diversity CRX based on 90° optical mixer 

Figure 7(b) reports the optical spectra at the CRX input, where the LO beats with the OOK signal, and within the 

ΦSP unit at the in- and output of the DI, respectively. The FM-translated versions (β) of the I and Q 

photocurrents of Fig. 2(b) are aligned in a way that they oscillate around the spectral notches of the 
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complementary DI ports, for which the transmission T is appended to Fig. 7(b). The peak-to-peak swing of ~150 

µA for the photocurrents at a ROP of -20 dBm is large enough to accommodate a frequency deviation νΔ that 

pairs well with the FSR of the DI. The output spectrum of the DI (γ) shows the squaring function as it is 

indicated by the wider spectral signal bandwidth. 

 Figure 8 presents the corresponding RF signal spectra. Shown are the photocurrent after coherent detection 

(α) with its IF at ΩIF < Rsym that results from the detuning between the LO and the input data signal and the 

squared I signal (γ) with a signature at 2ΩIF. This signature in γ is slightly offset from the value ΩIF of the 

photocurrent in α, which is a result of the different acquisition times and the limited longer-term stability of the 

LO and signal lasers. Further reported is the sum of squares (ψ), for which the suppression of either ΩIF or 2ΩIF 

proves the correct operation of the ΦSP chain that recovers the original data signal with symbol rate Rsym. This is 

evidenced by the eye diagrams, which have been appended to Fig. 8. The suppression of 2ΩIF can be used as a 

performance indicator to align the input signals to the spectral notch of the rectifier during the initial spectral 

setup or to compensate for possible long-term drifts of the optical squarer against the DBR lasers. 

The BER performance for the CRX with 90° hybrid as optical mixer is presented in Fig. 9. Results are shown 

for applying photonic (solid lines) and RF-based analogue (dashed lines) signal processing. The performance has 

been evaluated for various signal conditioning layouts after photodetection. In case of the most simplified 

receiver layout, where the balanced photodiodes directly drive the DBR lasers without additional RF 

amplification, the ΦSP circuit obtains a sensitivity of -30.1 dBm at a BER of 10
-3

 when using the DI as optical 

squarer (▲). The remarkable signal integrity is evidenced by the clear eye diagram appended to Fig. 9. If the DI 

is substituted by the more compact MRR, the sensitivity improves by 2.1 dB (). This improvement is attributed 

to the smaller bandwidth of the MRR notch, as it has been reported in Fig. 3(b). This permits the use of a lower 

DBR drive, which beneficially translates to a lower ROP. There was no penalty incurred for transmission over 

14.3 km of SMF (■). Moreover, RF-based ASP cannot obtain a BER below 5.8×10
-2

 under the direct-drive 

condition for its signal processing stage, even when raising the ROP to 3 dBm (see corresponding eye in Fig. 9). 

 When signal amplification for the raw photocurrents is additionally adopted after photodetection, the 

reception sensitivities improve further. For PIN+TIA based balanced photoreceivers that now drive the DBR 

lasers with an amplified photocurrent, the reception sensitivity enhances to -55.7 dBm (●) by virtue of the 

transimpedance gain. This vast improvement nevertheless comes at the expense of adding RF circuitry to a 

previously purely opto-electronic receiver layout, which could be entirely realized on a photonic integrated 

circuit. The alternative RF-based ASP approach accomplishes a BER of 10
-3

 for a ROP of -39.7 dBm (×). It 

cannot reach the sensitivity with the ΦSP receiver, even after adding one (+) or two (○) more LNAs to address 

the driving requirement of the RF-based four-quadrant multiplier. 

 For the sake of completeness the ΦSP configuration with single-ended PIN detectors at the I,Q outputs of the 

90° hybrid has been included in Fig. 9 (�) for the case of not using a TIA for conditioning of the photocurrents. 

Here, a sensitivity of -23.1 dBm is obtained at a BER of 10
-3

, which relates to a penalty of 7 dB with respect to a 

balanced photodetector. The penalty is directly related to the reduced swing of the photocurrent generated by the 

single-ended detector configuration, which according to Eq. (1) needs to be offset by a higher ROP. 

 

 

Fig. 9.  BER performance for ΦSP and RF-based ASP for a CRX based on a 90° hybrid as optical mixer. 

 

 B. Phase-diversity CRX based on 120° optical mixer 

Figure 10 reports the BER performance for the CRX with 120° mixer and single-ended photodiodes. The 

sensitivities are clearly worse than for the CRX that builds on a 90° mixer and balanced photodiodes, herein 

referred to as the reference receiver. This penalty applies to both, the ΦSP (▲,●) and the RF-based ASP (+,○).  
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For the direct-drive ΦSP scenario without TIA, a sensitivity of -25.7 dBm (▲) is obtained, which relates to a 

penalty of 4.4 dB with respect to the reference receiver evaluated in Section IV.A. This penalty is attributed to 

the natural reduction in DBR drive that comes when using a single-ended rather than a balanced photodetector. 

When employing a TIA, the sensitivity again improves vastly to -46.8 dBm (●), however, the penalty rises to 8.9 

dB. This is not only a result of the reduced RF photocurrent swing available to feed the ΦSP chain, but also 

derives from a 2-dB reduction of LO power that was necessary to maintain linear TIA operation without being 

affected by a saturation onset due to a high DC photocurrent arising from the unbalanced photodetector 

configuration. 

In case of RF-based ASP, sensitivities between the direct-drive and amplified ΦSP scenarios are obtained 

when one (+) or two LNAs (○) are following the photodetector as signal conditioning elements. The relative 

BER performance towards the ΦSP resembles the findings for the CRX based on 90° mixer. 

 

 

Fig. 10.  BER performance for ΦSP and RF-based ASP for a CRX based on a 120° hybrid as optical mixer. 

 

V. Energy Consumption and Required Circuit Footprint 

Given the reception performance in Section IV.A, the energy consumption and the required device footprint can 

be compared among ΦSP- and RF-based signal processing methods. This comparison has been conducted for the 

CRX architecture based on 90° hybrid and is summarized in Table I.  

 The RF-based ASP employs two commercial four-quadrant multipliers (AD834) that are driven by the 

balanced PIN+TIA receivers (based on the OPA847 model) without further LNAs (× in Fig. 9). A micro-Peltier 

element integrated with the LO is assumed, which also applies for the ΦSP circuit. This temperature control shall 

be a common feature of the entire electro-optic CRX package so that it is excluded from the specific footprint 

estimation. 

 The ΦSP method, on the other hand, differs through its ability to recover the signal with a direct drive of its 

photonic circuitry through the raw photocurrents. The photonic circuit can capitalize on the efficient amplitude-

to-frequency conversion through DBR lasers, which is compatible with the direct photocurrent drive (few tens of 

µApp) by the balanced PIN photodiodes. Therefore, no TIA is required for the balanced photodetectors. This 

considerably reduces the energy consumption. However, this advantage is offset by the need for two DBR lasers, 

whose gain sections are primarily responsible for the overall power consumption. Moreover, an extra 

photodetector with TIA back-end is required when converting the processed ΦSP output back to the electrical 

domain. No spectral tuning has to be accounted for the optical squarer, for which the MRR has been considered 

( in Fig. 9). This is due to the fact that simple tunable lasers are already employed as light source, mitigating 

the need for an energy-hungry thermo-optic tuning of the squarer. The MRR can be implemented on a rather 

compact space, as detailed in Section II. Similarly, earlier works have shown a feature size of 620 µm
2
 when 

implementing a 90° hybrid as optical mixer [29]. Moreover, lasers and photodetectors are available as integrated 

waveguide devices and feature a much smaller footprint than RF circuits, for which a space of 0.79 and 1.88 

mm
2
 apply for TIA and 4QM, respectively. 

 The contributions over the entire signal processing chains eventually lead to an overall improvement when 

adopting the ΦSP scheme. These improvements amount to 3.3 and 6.1 dB in terms of energy consumption and 

circuit footprint, respectively. This clearly underpins the beneficial aspects of the ΦSP concept. 

 The efficiency of the ΦSP circuit is further pronounced when comparing the two CRX architectures. Given 

the BER performances, the MMR-based ΦSP circuit for the CRX with 90° mixer and TIA-less balanced 

photodetectors (■ in Fig. 9) performs as good as the RF-based ASP for the CRX with 120° mixer and single-

ended PIN+TIA with one additional LNA (+ in Fig. 10). An omission of TIA and LNA circuits can be therefore 
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accomplished through the rather trivial inclusion of one additional photodiode, without penalty in reception 

performance. 

 

Table I 

Energy consumption and footprint for photonic and RF-based signal processing. 

Processing  

Element 

❶ Analog RF ❷ Photonic 

mW mm2 mW mm2 

C
R

X
 

LO 1× 84 0.025 84 0.025 

90° hybrid 1× –  6.10-4 –  6.10-4 

balanced PIN 2× 24 2.10-3 24 2.10-3 

TIA 2× 360 1.58 direct drive 

A
S

P
 

LNA 0× 0 0   

4Q Multiplier 2× 312 3.75   

P
S

P
 

LD gain + 

DBR 

2× 

2× 
  

84 

6 

0.035 

5.10-3 

MRR 1×   – 0.451 

APD+TIA 1×   77 0.789 

com micro-TEC 1× 160 shared 160 shared 

 Total  940 5.36 435 1.31 

 

 

VI. Conclusion 

A photonic processing circuit that is dedicated to the signal recovery after phase-agnostic coherent detection has 

been experimentally demonstrated for two CRX architectures, involving efficient electro-optic frequency 

modulation, simultaneous optical squaring of multiple wavelength channels and their subsequent summation. 

The proposed ΦSP chain does not require RF circuits apart from bias-Ts that are solely employed to define the 

bias points of the constituent opto-electronic elements. Through the omission of the TIA at the CRX front-end, 

the involved direct-drive scheme for AM-to-FM conversion can greatly simplify the overall CRX design in links 

with low optical budget, boosting the energy efficiency and compressing the CRX footprint – as demonstrated in 

direct comparison to an analogue RF-based signal processing circuit. Scaling up the data symbol rate through 

DBR lasers with higher electro-optic modulation bandwidth and the implementation of more complex coherent 

signal processing functions are left for future work.  
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