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On-chip calibration for high-speed harmonic cancellation-based sinusoidal signal generators

Harmonic cancellation techniques have been exploited for the on-chip generation of high-linearity sinusoidal test stimuli. The sinusoidal signal is generated by combining timeshifted and scaled versions of a periodical signal, in such a way that by properly choosing the time-shifts and weights, the lower order harmonics are canceled. However, process variations and mismatch can degrade the effectiveness of the harmonic cancellation, since precise time-shifts and scale ratios are required. In this regard, timing inaccuracies are especially harmful in the implementation of high-speed harmonic cancelling generators. In this paper, we propose an on-chip calibration architecture that can correct the phase-shift and duty-cycle of the signals with the help of a negative feedback loop. Electrical simulation results at transistor level show the feasibility of the calibration technique for a sinusoidal signal generator implemented in ST 28 nm FD-SOI technology. Obtained results show a Total Harmonic Distortion (THD) better than -60 dB after calibration in an output frequency range from 200 MHz to 4 GHz.

I. INTRODUCTION

The development of Analog and Mixed-Signal (AMS) and Radio-Frequency (RF) Built-In Self-Test (BIST) is a promising solution to reduce the ever-increasing cost of testing complex mixed-signal Systems on Chip (SoCs) and Systems in Package (SiPs). The promise of BIST consists in integrating some of the tester functionality together with the Device Under Test (DUT) in such a way that the DUT becomes self-testable, at the cost of the area overhead due to the BIST circuitry. AMS-RF BIST may enable a reduction of the production test cost due to the simplification of test protocols and equipment: expensive AMS-RF testers would not be required and the problem of accessing internal analog nodes is avoided since all test signals are generated and processed internally. Moreover, AMS-RF BIST, if made possible, may also open the door to a number of advanced features in safety-critical applications, such as in-the-field testing, calibration, adaptive operation, etc.

A wide variety of test techniques for AMS-RF systems require the application of sinusoidal test stimuli with a high spectral quality. Indeed, the generation of appropriate sinusoidal stimuli has been repeatedly identified as one of the key points for enabling AMS-RF BIST. In this regard, harmonic cancellation techniques have been extensively explored for the implementation of high-linearity on-chip sinusoidal generators with reduced on-chip resources -in some cases relying mostly on digital circuitry [START_REF] Karthik Vasan | Lowdistortion sine wave generation using a novel harmonic cancellation technique[END_REF]- [START_REF] Garayar-Leyva | Skew-circulant-matrix-based harmonic-canceling synthesizer for bist applications[END_REF]. Harmonic cancellation is a linearization method that achieves the effective cancellation * Institute of Engineering Univ. Grenoble Alpes of a subset of harmonic components in a periodic signal by combining time-shifted and scaled versions of the original periodic signal [START_REF] Mensink | Distortion cancellation by polyphase multipath circuits[END_REF]- [START_REF] Tang | Triple-push oscillator approach: theory and experiments[END_REF].

The harmonic cancelling generator presented in [START_REF] Karthik Vasan | Lowdistortion sine wave generation using a novel harmonic cancellation technique[END_REF] is based on combining the phases of a polyphase oscillator and demonstrates a THD below -90 dB for a frequency of 3 kHz using an implementation based on discrete components. The work in [START_REF] Barragan | On-chip sinusoidal signal generation with harmonic cancellation for analog and mixed-signal BIST applications[END_REF] presents an integrated solution based on a modified biquad filter with programmable input elements, featuring a THD of -90 dB at a frequency of 1 MHz. On the other hand, the works in [START_REF] Aluthwala | Design of a digital harmonic-cancelling sine-wave synthesizer with 100 mhz output frequency, 43.5 db sfdr, and 2.26 mw power[END_REF]- [START_REF] Malloug | Design of a sinusoidal signal generator with calibrated harmonic cancellation for mixed-signal bist in a 28 nm fdsoi technology[END_REF], [START_REF]A 52 db-sfdr 166 mhz sinusoidal signal generator for mixedsignal bist applications in 28 nm fdsoi technology[END_REF] present digital-intensive implementations, in which the time-shifted signals are generated using digital circuitry, while they are scaled and combined with the help of a Digital-to-Analog Converter (DAC). Thus, the work in [START_REF] Aluthwala | Design of a digital harmonic-cancelling sine-wave synthesizer with 100 mhz output frequency, 43.5 db sfdr, and 2.26 mw power[END_REF], [START_REF] Aluthwala | Partial dynamic element matching technique for digital-to-analog converters used for digital harmonic-cancelling sine-wave synthesis[END_REF] employs a digital counter for generating the time-shifted signals while scaling and addition rely on a current steering DAC. Mismatch issues in the DAC, which would limit the linearity of the generator, are mitigated using a partial dynamic element matching technique. Reported results in [START_REF] Aluthwala | Partial dynamic element matching technique for digital-to-analog converters used for digital harmonic-cancelling sine-wave synthesis[END_REF] show a THD below -40 dB for an output signal of frequency 20 MHz.

Authors in [START_REF] Garayar-Leyva | A harmonic-canceling synthesizer using skew-circulantmatrix-based coefficient generator[END_REF] focus on the accurate generation of the scaling weights using a skew circulant matrix-based coefficient generator. The reported SFDR is 66.8 dBc for a 0.8 MHz generated signal, but as the frequency increases to 100 MHz, the SFDR drops to 38.4 dBc. The works in [START_REF] Shi | 150-850 mhz high-linearity sinewave synthesizer architecture based on fir filter approach and sfdr optimization[END_REF], [START_REF] Malloug | Design of a sinusoidal signal generator with calibrated harmonic cancellation for mixed-signal bist in a 28 nm fdsoi technology[END_REF], [START_REF]A 52 db-sfdr 166 mhz sinusoidal signal generator for mixedsignal bist applications in 28 nm fdsoi technology[END_REF] increase the generated signal frequency to hundreds of MHz. Thus, [START_REF] Malloug | Design of a sinusoidal signal generator with calibrated harmonic cancellation for mixed-signal bist in a 28 nm fdsoi technology[END_REF], [START_REF]A 52 db-sfdr 166 mhz sinusoidal signal generator for mixedsignal bist applications in 28 nm fdsoi technology[END_REF] employ a simple circular shift register to generate the timeshifted signals and a simplified current steering DAC to scale and add the signals. A weight calibration strategy is proposed based on adjusting the weights of the current steering DAC branches. Reported results demonstrate a THD of -46 dB for a generated signal at 330 MHz. The work in [START_REF] Shi | 150-850 mhz high-linearity sinewave synthesizer architecture based on fir filter approach and sfdr optimization[END_REF] relies on a digital ring oscillator for generating the time-shifted signals, while a passive network of weighted resistors is employed for scaling and adding the signals. A calibration strategy is proposed for correcting timing issues with the help of an external feedback loop using testbench equipment. The system demonstrates a THD after calibration of -57 dB at 650 MHz and -62 dB at 750 MHz.

In the view of the practical challenges to increase the frequency of the output signal in this family of signal generators, we analyzed in [START_REF] Mamgain | Analysis and mitigation of timing inaccuracies in high-frequency on-chip sinusoidal signal generators based on harmonic cancellation[END_REF] the effect of different non-idealities on the linearity of the generated signal in a high-frequency scenario. In this previous paper, it is shown that as the target frequency increases, timing inaccuracies dominate over other effects and some guidelines were given to limit performance degradation. In the present paper, we present an on-chip calibration circuitry that targets the mitigation of timing inaccuracies, namely time-shift and duty-cycle deviations, for improving the performance of high-frequency harmonic cancelling generators. The rest of the paper is organized as follows. Section II briefly reviews the theoretical background of the harmonic cancellation technique. Section III presents a calibration circuit for mitigating the effect of timing inaccuracies in a harmonic cancellation application. Section IV validates our proposal based on electrical simulation results at transistor level. Finally Section V summarizes our main contributions.

II. THEORETICAL BASIS

As presented in the previous section, harmonic cancellation allows generating analog sinusoidal signals from digital square-waves. For the sake of completeness, let us describe briefly the fundamental theory behind the harmonic cancellation. Focusing in the proposed application, let us consider a periodic square-wave signal q(t) with a unit amplitude and a 50% duty cycle. This signal can be represented as,

q(t) = ∞ n=1,3,5,... 2 nπ (-1) n-1 2 cos(nω 0 t), (1) 
where T is the time period of the square wave and ω 0 = 2π/T . Let us define signal y(t) as the linear combination of signal q(t) and p pairs of versions of signal q(t) time-shifted in opposite directions t i and -t i and scaled by a factor α i . It can be proved that y(t) can be written as [START_REF] Malloug | Design of a sinusoidal signal generator with calibrated harmonic cancellation for mixed-signal bist in a 28 nm fdsoi technology[END_REF],

y(t) = ∞ n=1,3,5,... 2 nπ (-1) n-1 2 1 + 2 p i=1 α i cos(2nπ t i T ) × cos(nω 0 t) (2) 
Equation [START_REF] Barragan | On-chip sinusoidal signal generation with harmonic cancellation for analog and mixed-signal BIST applications[END_REF] shows that the spectrum of the output signal is similar to the spectrum of q(t) in equation ( 1) but with an amplitude that depends on the pair of signals, scalar weights, and harmonic. Thus, by carefully selecting the time-shift and the scalar weights, this coefficient can be made equal to zero. If we recall that our goal is to obtain an analog sinusoidal signal, equation ( 2) can be employed to cancel the most dominant harmonics, that is, the lower order harmonics close to the fundamental, while higher-order harmonics can be attenuated using a lenient low-pass analog filter. Multiple solutions at a different level of complexity are possible, as described in [START_REF] Malloug | Practical Harmonic Cancellation Techniques for the On-Chip Implementation of Sinusoidal Signal Generators for Mixed-Signal BIST Applications[END_REF].

A practical solution that represents a good trade-off between achievable linearity and complexity, and that we will consider as a case study in the present paper, consists of employing p = 2 pairs of time-shifted signals (that is, 5 square-waves).

By phase-shifting the first pair by φ 1 = ± π 6 and the second one by φ 2 = ± π 3 , while scaling the first pair by

α 1 = √ 3 2
and the second one by α 2 = 1 2 , we can cancel all oddharmonic components in output signal y(t) below the 10th harmonic component. The five required square-waves have been depicted in Fig. 1, where signal C can be seen as the reference signal, signals A and B are advanced by -π 3 and -π 6 , respectively, and signals D and E are delayed accordingly. In this representation, it is easy to observe that signals A to E are time-shifted by increments of T 12 .

III. MITIGATION OF TIMING INACCURACIES

In a practical implementation, harmonic cancellation techniques are very sensitive to process variations and mismatch that can deviate system parameters such as relative timeshifts, signal duty cycle and scaling weights. These deviations would severely degrade the quality of the generated signal. Indeed, the effect of these non-idealities has been analyzed in the literature. Thus, the work in [START_REF] Karthik Vasan | Lowdistortion sine wave generation using a novel harmonic cancellation technique[END_REF]- [START_REF] Aluthwala | Partial dynamic element matching technique for digital-to-analog converters used for digital harmonic-cancelling sine-wave synthesis[END_REF] especially focus on the effect of scaling weight mismatch for low-frequency generators (below 100 MHz). However, as the target frequency increases, it has been demonstrated that the timing errors become dominant [START_REF] Mamgain | Analysis and mitigation of timing inaccuracies in high-frequency on-chip sinusoidal signal generators based on harmonic cancellation[END_REF] and cannot be effectively corrected by calibrating the scaling weights. Calibration of timing inaccuracies has been addressed in [START_REF] Shi | 150-850 mhz high-linearity sinewave synthesizer architecture based on fir filter approach and sfdr optimization[END_REF], [START_REF] Mamgain | Analysis and mitigation of timing inaccuracies in high-frequency on-chip sinusoidal signal generators based on harmonic cancellation[END_REF] with the help of onchip switched capacitor banks loading each signal path, that can be programmed with the help of an external calibration loop. These capacitor banks act as phase-shifters and are used to compensate phase or duty cycle deviations for each signal phase. Although this is a practical solution, it has important limitations which hinder its performance and applicability. Firstly, it relies on an external calibration loop based on testbench equipment, and secondly, the tuning is fundamentally limited by the discrete resolution of the capacitor bank. In this work, we intend to overcome these limitations using an on-chip calibration strategy based on a delay cell that can compensate phase and duty cycle deviations using a negative feedback loop. 

A. Delay cell with timing calibration

In this work, we propose to use a tunable delay cell in order to correct phase and duty cycle inaccuracies that may hinder the harmonic cancellation efficiency. The schematic view of the proposed tunable delay cell is shown in Fig. 2. The proposed delay cell consists of two main blocks, as conceptually depicted in Fig. 2. The first block consists of two cascaded current-starved inverters, labelled I1 and I2, that introduce a tunable delay to the input signal depending on the control signal Correct Phase. The second block has been adapted from the pulse width modification circuit in [START_REF] Raja | A 0.1-3.5ghz duty-cycle measurement and correction technique in 130-nm cmos[END_REF] and consists of two cascaded inverters, labelled I3 and I4, with two additional transistors, labelled P DC and N DC that act as competing pull-up and pull-down, respectively. Transistors P DC and N DC allow controlling the duty cycle of the output signal as a function of signal Correct DC.

The functionality of the phase correction circuit is conceptually depicted in Fig. 3(a). In essence, the biasing of the N ph transistor controls the fall time of signal V x (and to some extent the fall time of signal V x b). If signal Correct Phase decreases, the fall time of signal V x increases and the rising edge of signal V xb is delayed. From an input-output perspective, the proposed circuit modifies the delay between signals V in and V xb as a function of control signal Correct Phase, while, to a first order, the duty cycle remains unchanged.

Regarding the duty cycle correction circuit, its functionality is conceptually depicted in Fig. 3(b). Transistors P DC and N DC are used to compensate imbalances in the duty cycles. Thus, when the voltage at the Correct DC node increases, the NMOS transistor N DC compensates the current of the NMOS transistor in the previous inverter and conversely, when signal Correct DC decreases, the PMOS transistor P DC compensates the current of the PMOS transistor of the previous inverter. It has to be noticed that the effective input-output delay of the overall delay cell is also affected by the duty cycle correction and then it has to be taken into account for a correct calibration.

B. Negative feedback control loop for timing calibration

The proposed on-chip calibration scheme relies on negative feedback loops to stabilize the DC control voltages, Correct Phase and Correct DC, to appropriate voltages to ensure that the harmonic cancellation is not hindered by timing issues. Basically, a negative feedback loop is employed to compare a timing measurement in voltage mode to a predefined reference voltage in such a way that the negative feedback will update the value of the DC control voltages Correct X to minimize the difference between the measurement and the reference target. In the following subsections, it will be shown how to generate these timing measurements and reference voltages for phase and duty cycle compensation.

1) Compensation of relative phase shifts: Let us consider the ideal five square-wave phases represented in Fig. 1. As it was discussed in section II, these five signals with relative delays of T /12 and appropriate scaling weights can be combined to cancel all the harmonics components of the original squarewave up to the 10-th order. A simple technique to monitor the relative phase shifts of this set of digital square-wave signals is to employ combinational logic to generate a pulse width modulated signal encoding the actual phase shift. For instance, let us consider signals A and E in Fig. 1. The ideal phase shift between these two signals should be 4T /12, where T is the period of the square-wave signals. If AE is generated, the resulting signal can be seen as a pulse width modulated signal encoding a DC value that is an image of the actual delay between signals A and E, as represented in Fig. 3(c). Thus, for the ideal scenario, i.e., delay equal to 4T /12, this encoded DC value can be calculated as the average of the AE signal, as

V avg AE = 1 T T 0 AE(t) dt = 4V H 12 , (3) 
where V H is the voltage level of the logic high state. Thus, equation Notice that computing the relative phase shifts of consecutive signals (A and B for instance) would also be possible, but in this case the resulting pulse would be challenging to generate in high-frequency scenarios.

2) Compensation of duty cycle: A 50% duty cycle ensures that there are no even harmonics present at the output. A deviation from the ideal 50% duty cycle can be easily corrected following the same technique described above. In this case we can monitor directly the DC voltage (i.e., the average value) of each of the digital square wave signals. In the ideal case, with 50% duty cycle, this DC value should be the same for each signal and its complementary signal. This effect can be used in a negative feedback loop for generating the appropriate signal Correct DC, as it will be shown in the following section with a practical implementation.

IV. PRACTICAL IMPLEMENTATION AND RESULTS

In order to show the feasibility and performance of the proposed on-chip timing calibration circuitry, we have implemented the proposed timing calibration loops at transistor level for a sine-wave generator case study. The selected case study is the high-frequency sinusoidal signal generator based on harmonic cancellation proposed by the authors in [START_REF] Mamgain | Analysis and mitigation of timing inaccuracies in high-frequency on-chip sinusoidal signal generators based on harmonic cancellation[END_REF]. This generator is based on a 6-stage fully-differential digital oscillator that generates the required five digital square-waves A to E with T /12 relative delay. The generated phases are then fed to the proposed tunable delay cell for the mitigation of timing issues and subsequently the five corrected square-wave signals are combined and filtered using a passive RC network. The complete system has been implemented at transistor level using STMicroelectronics 28 nm FD-SOI technology. In this paper, we will focus on the implementation of the tunable delay cells and the associated negative feedback control loops, as conceptually represented in Fig. 4. Notice that the five digital square-waves generated by the digital oscillator are labelled as In A to In E, signals A to E and their complementary signals are generated from the output of the tunable delay cell using a single-to-differential circuit. For more details, the readers can refer to [START_REF] Mamgain | Analysis and mitigation of timing inaccuracies in high-frequency on-chip sinusoidal signal generators based on harmonic cancellation[END_REF].

The proposed compensation loop for each of the squarewave phases is composed of eight controllable delay cells in series, in order to provide a sufficient correction range to account for worst-case corner variations. Both negative feedback loops are based on a low-power opamp with a closed-loop bandwidth of 10 MHz. The generation of the reference voltages is implemented as a simple resistor ladder (not depicted in the figure for clarity), while the averaging of the delay measurement pulses is based on a second-order low-pass passive filter. The output voltage of the opamps is fed back to the delay cell control inputs to close the feedback loop. The cutoff frequency of the low-pass filters is set to 100 MHz so that it does not affect the loop stability. Indeed, regarding the system stability, the phase margin of all loops is between 60 • and 88 • which assures a stable operation without undesired oscillations.

The following subsections illustrate the functionality of the proposed delay cell and the complete generator using the proposed timing calibration loops based on transistor-level simulations.

A. Delay cell characterization

In order to show the achievable correction range and sensitivity of the tunable delay cell in the proposed feedback calibration loop, Fig. 5 and6 present the output delay and duty cycle introduced by the series connection of eight unit delay cells, as a function of signals Correct Phase and Correct DC, respectively. It can be seen that the proposed delay cell offers a 600 ps delay range for an input control voltage varied from 400 mV to 1 V, while the duty cycle correction spans roughly from +20% to -7% for a control signal varying from 0 V to 1 V. The variation ranges of the delay cell have been optimized to cover the maximum corner variations observed in a corner analysis according to the corner models in the Process Design Kit (PDK) of the technology. The sensitivity to the control voltage and the range of the control voltages have been cooptimized together with the output swing of the opamps in the feedback loop for a correct behavior. Moreover, Monte Carlo simulations show that process variations of the feedback circuitry do not have a significant impact on the calibration itself. Since the calibration loops work at a significantly lower frequency than the generator, they can be made comparatively more robust to process variations.

B. Case study: calibration of timing inaccuracies in a harmonic cancelling generator

In order to validate the functionality and performance of the proposed calibration loops, we have performed a Monte Carlo simulation of the uncalibrated sinusoidal signal generator using the Monte Carlo models provided in the PDK of the selected technology. The worst-case instance in terms of output signal Total Harmonic Distortion has been selected to show the performance of the proposed calibration technique. The selected worst case instance features an uncalibrated THD of -32 dB for a generated sine-wave at 1 GHz. This uncalibrated THD is severely limited by timing issues that deviate the relative phase shifts between signals up to a 20% and the signal duty cycle up to 8% with respect to their ideal values for harmonic cancellation. The proposed calibration loops in Fig. 4 were then simulated at transistor level to recover the ideal relative delays and duty cycles defined by the harmonic cancellation scheme. Phase correction and duty cycle correction are performed sequentially with the help of signal Rst. This avoids a competition between the two feedback loops that can affect the performance of the calibration. The proposed calibration procedure begins by setting signal Rst to a high state. This initializes signals Correct Phase X to V DD and activates the negative feedback loop for duty cycle correction. As an example of the functionality of the correction loop, Fig. 7 shows the evolution of the duty cycle of signal C and its complementary signal Cb. It is clear to see how the duty cycle converges to a value close to 50% due to the feedback loop. Subsequently, signal Rst is set to a low state once the duty cycle is close to the ideal target value. In our example, signal Rst is set to high at t =1.2 µs, which activates the relative phase calibration by closing the negative feedback loop. Thus, Fig. 8 shows the time evolution of the relative signal phases. Again, it is clear to observe that the relative phases converge to the ideal target values due to the action of the feedback loop. The overall effect of the calibration of timing issues in the linearity of the generated sinusoidal signal can be observed in Fig. 9 which shows the output signal spectrum after the calibration loops stabilize. The calibrated THD improves to -63 dB from an initial uncalibrated value of -32 dB. To give a further insight into the feasibility of the proposed calibration approach, the calibration procedure was repeated for a wide range of generated output frequencies. The uncalibrated and calibrated THD across the considered frequency range are represented in Fig. 10. It is clear to see that the proposed timing calibration loops enable a significant improvement in the linearity of the generated signals in the frequency range from 200 MHz to 4 GHz achieving a calibrated THD consistently better than -60 dB. V. CONCLUSIONS Timing inaccuracies have a significant impact on the linearity of high-frequency signal generators based on harmonic cancellation techniques. In this work, we have presented a fully on-chip calibration solution based on a tunable delay cell and negative feedback loops that can mitigate the timing inaccuracies in a harmonic cancellation setup. Transistorlevel simulation results of a tunable generator case study demonstrate the feasibility and performance of the proposed calibration strategy, showing a significant improvement of the output THD for a generated signal up to 4 GHz.
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 1 Fig.1. Ideal square-waves for harmonic cancellation. Adding the five square-waves with appropriate scale weights will result in the cancellation of harmonic components below the 10-th harmonic component.
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 3 Fig. 3. (a) Phase correction. In green, effect for decreasing Correct Phase, in red, effect for increasing Correct Phase; (b) Duty cycle correction. In green, effect for decreasing Correct DC, in red, effect for increasing Correct DC; (c) Generation of pulse signal for relative phase monitoring.
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 456 Fig.[START_REF] Aluthwala | Partial dynamic element matching technique for digital-to-analog converters used for digital harmonic-cancelling sine-wave synthesis[END_REF]. Proposed architecture for on-chip calibration of timing issues of the signal phases in a harmonic cancellation scheme.
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 9 Fig. 9. Output signal spectrum after calibration of timing issues.
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 7 Fig. 7. Time evolution of the duty cycle when the negative feedback loop for duty cycle correction is activated.
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 8 Fig. 8. Time evolution of the relative phase shift between the five signals. The negative feedback loop for relative phase correction is activated at t =1.2 µs.
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 10 Fig. 10. Calibrated and uncalibrated THD for the generated sine-wave as a function of the output frequency.

  can be used to compute the reference DC value for the negative feedback loop that controls the phase shift between signals and E by updating signal Correct Phase. In the same manner, a similar reasoning can be followed to monitor the relative phase shifts of signals A and D by generating the digital signal AD, signals B and E by generating signal BE and signals E and C by generating EC.