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processing the test results. However, in a complex SoC/SiP -where the external access to the internal IPs is difficult, or directly impossible-these operations may turn challenging to perform at a reasonable cost [1]. Indeed, it has been estimated that the cost of testing mixed-signal IP cores has already become the dominant contribution to the overall manufacturing cost [START_REF] Poehl | Production test challenges for highly integrated mobile phone SOCs -A case study[END_REF].

A promising solution to the aforementioned issues is the development of mixed-signal Built-In Self-Test (BIST) techniques. BIST techniques aim at moving some of the ATE functionality into each IP, in such a way that generation and manipulation of test signals become internal to the IP, thus eliminating the need of external analog test access and relaxing the ATE requirements. In an ideal scenario, each analog and mixed-signal IP core should have its own dedicated embedded test instruments adapted to its custom-made test programs and interfaced via a system-level bus to a low-cost digital ATE for controlling test execution and retrieving test results. This way, BIST may significantly reduce the overall production cost of these systems by taking into consideration the test approach right at the IP design stage. Moreover, the benefits of deploying mixed-signal BIST solutions are not limited to production test. BIST opens the door to further developments for performance and reliability enhancements along the complete life-cycle of an integrated circuit, including calibration, self-healing, on-line test, adaptive operation, fault diagnosis and failure analysis, etc.

In this paper, we present the design and experimental validation of a fully-digital BIST wrapper for the dynamic test of a 40nm CMOS 18-bit stereo audio Σ∆ ADC IP core designed by ST Microelectronics. Testing the dynamic performance of an ADC in terms of Signal-to-Noise-and-Distortion ratio (SNDR) requires exciting the ADC Under Test (ADCUT) with a high-resolution sinusoidal stimulus -at least two effective bits higher than the resolution of the ADCUT. Moreover, the demand for high-quality audio devices is driving the improvement in the performance of Σ∆ ADCs toward higher resolutions and dynamic ranges. Therefore, generating the required test stimulus efficiently on-chip towards a fully integrated BIST implementation is a very challenging task. The proposed BIST wrapper achieves this objective by relying on the generation of a digital ternary test stimulus that encodes a high-resolution sine-wave. The ternary test stimulus is directly injected into the input of the modulator of the Σ∆ ADC requiring minimal design modifications. The BIST wrapper also includes a test response analyzer for computing the SNDR on-chip and providing a 1-bit go/no-go test response, as well as a control unit for managing the test execution. The proposed BIST wrapper incurs an overall area overhead of 7.1% and the total test time is 28 ms per channel. We discuss in detail the co-design of the BIST wrapper and the Σ∆ ADC and we present experimental results based on fabricated chips.

The rest of the paper is organized as follows. In Section II, we give an overview of the state-of-the-art for Σ∆ ADC BIST. In Section III, we present the architecture of the proposed BIST wrapper. In Section IV, we present the experimental validation of the proposed BIST approach. Finally, Section V concludes the paper summarizing the main contributions.

II. PREVIOUS WORK

In recent years there has been an intense research effort towards developing BIST strategies for Σ∆ ADCs. In [START_REF] Huertas | Oscillation-based test in oversampled Σ∆ modulators[END_REF], an Oscillation-Based BIST (OBIST) strategy for Σ∆ modulators is proposed that consists of reconfiguring the modulator under test into an oscillator. Both the frequency and amplitude of the oscillation are monitored and processed to distinguish faulty from fault-free circuits. This test strategy provides a structural verification of the modulator under test targeting defects. However, the sensitivity to process variations and the need of extensive circuit reconfiguration can deteriorate the quality of this approach.

In [START_REF] Huang | Testing and characterization of the onebit first-order delta-sigma modulator for on-chip analog signal analysis[END_REF], [START_REF] Leger | Digital test for the extraction of integrator leakage in first-and second-order Σ∆ modulators[END_REF], it is proposed to estimate the magnitude of the leakage in the integrators of the modulator which is directly related to the in-band quantization noise power at the modulator Õs output, thus allowing to estimate the dynamic performance of the modulator. However, as demonstrated in [START_REF]Low-Cost Digital Detection of Parametric Faults in Cascaded Σ∆ Modulators[END_REF], additional tests targeting different modulator parameters (i.e. settling time, amplifier non-linearity, etc.) are required for a complete validation of the modulator Õs performance.

Another idea that has been thoroughly explored in the literature is the use of digital Σ∆ bitstreams. The starting point is to use an ideal Σ∆ modulator in software to convert a high-resolution analog sine-wave to a digital bitstream. The bitstream is truncated to get an optimized sequence that is periodically reproduced using a circular shift-register [START_REF] Dufort | On-chip analog signal generation for mixed-signal built-in self-test[END_REF]. Bitstreams can also be generated using on-chip digital oscillators, but their design is not straightforward [START_REF] Hong | A Cost Effective BIST Second-Order Σ∆ Modulator[END_REF]. The bitstream can be converted to a high-resolution analog sine-wave by passing it through a 1-bit digital-to-analog converter (DAC) followed by a low-pass filter to remove quantization noise. Although this solution is applicable for a built-off test where the 1-bit DAC and the low-pass filter are placed on the load board, it is not applicable for BIST since for high-resolution applications the low-pass filter may be far more complex than the modulator under test [START_REF] Mattes | Controlled sine wave fitting for ADC test[END_REF], [START_REF] Mir | An implementation of memory-based on-chip analogue test signal generation[END_REF].

Interestingly, in the case of Switched-Capacitor (SC) Σ∆ ADCs, the bitstream can be fed directly into the modulator by adding simple circuitry at its input [START_REF] Ong | A new sigma-delta modulator architecture for testing using digital stimulus[END_REF]- [START_REF] Hong | A Design-for-Digital-Testability Circuit Structure for Σ∆ Modulators[END_REF]. A 1-bit DACtypically a replica of the feedback DAC in the modulator input stage-is used to convert the bitstream to the analog reference voltages of the modulator. However, the direct injection of the bitstream to the input of the ADC will overload the modulator, unless the reference voltages of the 1-bit DAC are adequately attenuated [START_REF] Rolindez | A stereo audio Σ∆ ADC architecture with embedded SNDR self-test[END_REF]. This attenuation also scales down the amplitude of the encoded sine-wave, which, in effect, will be far below the Full Scale (FS) of the ADCUT. This is a key limitation of this test technique, since for an accurate dynamic test the amplitude of the test stimulus has to be as close as possible to the FS such that the harmonic distortion introduced by the ADCUT is amply manifested [START_REF] Schreier | Understanding delta-sigma data converters[END_REF].

A solution to this problem has been proposed in [START_REF] Hong | A Decorrelating Design-for-Digital-Testability Scheme for Σ∆ Modulators[END_REF], [START_REF] Liang | A Digitally Testable Σ∆ Modulator Using the Decorrelating Design-for-Digital-Testability[END_REF], where the input switched-capacitor network of the Σ∆ modulator is reconfigured in test mode such that it accepts multiple bitstreams delayed from each other. This technique has been proved to attenuate the noise power of the test stimulus, allowing this way to test the modulator at amplitudes closer to the FS. However, this comes at the cost of significantly increasing the design complexity of the input stage of the modulator.

An elegant approach to overcome this issue was proposed in [START_REF] Dubois | Ternary stimulus for fully digital dynamic testing of SC Σ∆ ADCs[END_REF]. A sinusoidal test stimulus is encoded in a ternary stream that is composed of three logic levels {-1, 0, +1} and injected directly at the input of the modulator of the Σ∆ ADC under test. The ternary stimulus is generated in the digital domain by adding a Σ∆ encoded binary bitstream with a delayed version of itself. From a spectral point of view, the Discrete Fourier Transform (DFT) of a length-N bitstream

{b 0 , • • • , b N -1 } is given by B(k) = N -1 n=0 b n • e -j 2π•n N k , k = 0, • • • , N -1. (1) 
The N periodic extension leads to a spectrum made by N lines located at f k = kf s /N , where f s is the sampling frequency.

The DFT of the circular-shifted bitstream delayed by one sample {b 1 , • • • , b N -1 , b 0 } is obtained by applying the time shift theorem to (1)

B δ (k) = B(k) • e -j 2π N k , k = 0, • • • , N -1. (2) 
The DFT of the ternary stream is then obtained by averaging the DFT of the original bitstream and the DFT of the circularshifted version of it and by using the linearity property of the DFT

T (k) = B(k) 2 1 + e -j 2π N k , k = 0, • • • , N -1. (3) 
The Power Spectral Density (PSD) of the bitstream and the ternary stream are given by

S B (k) = B(k) 2 S T (k) = S B (k) • cos 2 πk N (4) k = 0, • • • , N -1,
respectively. Therefore the spectra of the ternary stream presents a lowpass filter behavior that attenuates the shaped quantization noise at high frequencies. In other words, the ternary stream overloads less the modulator compared to the bitstream and, thereby, offers the possibility of testing the Σ∆ ADC closer to full scale. In fact, the proposed ternary encoder is equivalent to a first-order lowpass FIR filtering of the binary stream to attenuate the shaped quantization noise. In principle, higher-order FIR filtering could be used to reduce the quantization noise of the test stimulus even further, but doing so would also require a complex high-linearity multibit DAC to inject the digitally filtered test stimulus at the input of the modulator.

On the other hand, the injection of the ternary stimulus at the input of the modulator does not require a significant reconfiguration of the input stage. In particular, the ternary stream is converted to a three-level analog signal and injected directly at the input stage of the modulator. In fact, the implementation is, in essence, equivalent to the case of applying a binary bitstream. The proposed approach presents a minimal overhead and allows measuring SNDR for amplitudes close to FS.

The theoretical principles behind the concepts of ternary test stimulus generation and injection were described in [START_REF] Dubois | Ternary stimulus for fully digital dynamic testing of SC Σ∆ ADCs[END_REF] and were validated using behavioral model simulations. The feasibility and suitability of the ternary test stimulus for highvolume production test was further validated in [START_REF] Dubois | Evaluation of digital ternary stimuli for dynamic test of Σ∆ ADCs[END_REF], [START_REF] Stratigopoulos | Evaluation of low-cost mixed-signal test techniques for circuits with long simulation times[END_REF] by means of parametric test metrics estimation techniques based also on behavioral model simulations.

In this paper, we present for the first time a hardware implementation of the BIST approach based on ternary test stimuli.

III. SELF-TESTABLE Σ∆ ADC ARCHITECTURE

A. System overview

Fig. 1 shows a conceptual block diagram of the complete Σ∆ ADC IP core incorporating the BIST wrapper for measuring on-chip the SNDR. In normal operation mode, the analog input signals for Left and Right channels are first filtered by an active-RC second-order low-pass anti-aliasing filter that also provides a single-ended-to-fully-differential signal conversion. A 2:1 MASH SC modulator converts these differential signals to a digital bitstream and a fourth-order digital decimation filter eliminates the shaped high-frequency noise to provide the 18-bit digital output. The IP features a single output port with 18 bits in parallel, where the Left and Right channel outputs are time-interleaved according to the rising and falling edges of a control signal (labelled FSYNC IN in Fig. 1). Relevant performance and design parameters of the ADC IP are summarized in Table I.

In BIST mode, an optimized digital bitstream stored in a circular shift-register is periodically repeated and combined with a delayed version of itself to generate a digital ternary test stimulus encoding a high-resolution sinusoidal test stimulus within the bandwidth and input dynamic range of the ADCUT. The ternary test stimulus is injected directly at the input of the 2:1 MASH modulator of one of the ADC channels, which has been previously selected and disconnected from the input signal path. The resulting output bitstream is routed to the Left channel of the decimation filter to produce an 18-bit test response signal, labelled S out in Fig. 1. At the same time, the original optimized digital bitstream is fed to a fully-digital implementation of the 2:1 MASH modulator. The resulting output bitstream is fed to the Right channel of the decimation filter to produce a high-precision 21-bit digital sine-wave, labelled S ref in Fig. 1, that serves as the reference signal. The digital 2:1 MASH assures the synchronization between Right and Left channel output signals, since both the modulator in the channel under test and the digital 2:1 MASH introduce a z -3 signal delay. Then, the test output response from the Left channel and the reference signal from the Right channel are extracted from the time-interleaved output of the ADCUT using the synchronization signal FSYNC IN and fed to the test response analyzer block. This block computes the SNDR of the channel under test from the response and reference signals using a simplified version of the sine-wave fitting algorithm. The obtained SNDR is finally compared to a pre-loaded specification limit and a go/no-go digital signal is generated. The complete test is managed by a BIST control block which also includes a standard Serial-Peripheral Interface (SPI) digital bus for external programming and communication.

The following subsections detail the design and functionality of the main building blocks of the proposed BIST wrapper.

B. Ternary stimulus generator

Fig. 2 shows a schematic view of the on-chip digital ternary test stimulus generator and its interface signals with the ADCUT, the BIST control, and the digital 2:1 MASH modulator. The core of the ternary test stimulus generator circuitry is a circular shift-register composed of n = 1126 flip-flops. During test mode, this circular shift-register stores and reproduces a bitstream that encodes one period of a high-precision sinusoidal test stimulus. The circular shiftregister is clocked at the modulator sampling frequency of f s = 6.144 MHz and produces a bitstream with a fundamental tone at f test = f s /n = 5.46 kHz. This frequency is fixed by design and it has been chosen such that the main tone of the test stimulus and the first three harmonic components (i.e. up to the fourth harmonic component) lie within the audio bandwidth of the ADCUT. The bitstream is obtained by simulating in software an ideal Σ∆ modulator excited by a pure sine-wave.

The ternary test stimulus is obtained by adding the bitstream stored in the circular shift-register with a version of the same bitstream delayed by one clock cycle. As demonstrated in [START_REF] Dubois | Ternary stimulus for fully digital dynamic testing of SC Σ∆ ADCs[END_REF] and discussed in Section II, this operation has a lowpass filtering effect on the shaped quantization noise at high frequencies and achieves a significant reduction of the total quantization noise power with respect to the original It is widely accepted in the industry that the test stimulus has to be at least 2 effective bits more linear than the specification of the ADCUT for accurate and reliable results. Otherwise, the non-linearity of the ADCUT is masked by the non-linearity of the test stimulus [START_REF]IEEE standard for terminology and test methods for analog-to-digital converters[END_REF]. For this purpose, an optimization is performed with the aim to select the bitstream that maximizes the SNDR of the ternary test stimulus and renders the ternary test stimulus appropriate for an accurate dynamic testing of the ADCUT. The interested reader is referred to [START_REF] Dubois | Ternary stimulus for fully digital dynamic testing of SC Σ∆ ADCs[END_REF] for a detailed description of the optimization strategy.

Fig. 3 plots together the nominal SNDR of the 2:1 MASH modulator in the ADCUT as a function of its input amplitude and the SNDR of the optimized ternary test stimulus as a function of the amplitude of the encoded sine-wave, both measured at f test = 5.46 kHz. The amplitude is varied across the complete FS of the modulator. As it can be seen, the optimization loop manages to find ternary test stimuli that have a SNDR at least 2.5 equivalent bits higher than the SNDR of the modulator, thus respecting the requirement that the test stimulus must have a resolution at least two effective bits higher than the resolution of the ADCUT.

It is important to note that the proposed BIST wrapper has been designed for production testing, where a single fixedfrequency in-band test stimulus is applied according to the standard [START_REF]IEEE standard for terminology and test methods for analog-to-digital converters[END_REF]. Therefore, the proposed BIST is not meant for full electrical characterization across the complete bandwidth of the ADCUT. Furthermore, pushing the frequency of the test stimulus towards the bandwidth limit is not a straightforward task. From a hardware point of view, the frequency of the stimulus can be easily increased by reducing the number of flip-flops, n, in the circular shift-register or, equivalently, by encoding multiple signal periods into the register. The optimization algorithm can also be easily redesigned, in order to get appropriate test stimuli with a high enough SNDR at high frequencies. However, obtaining high-linearity stimuli close to the bandwidth limit may require employing a highorder Σ∆ modulation scheme within the optimization loop. The challenge in this scenario is that the decimation filter in the ADCUT itself may need to be modified so as to cope with the shaped quantization noise.

The ternary stimulus generator is managed by the BIST control block and is interfaced to the external pins (or to other IPs in a SoC/SiP) through the SPI bus. The optimized bitstream is loaded into the circular shift-register through the Serial Data Input (SDI) port. Serial data are synchronized to an external clock fed to the BIST control through the CK port. The content of the circular shift-register can also be read out for additional verification and diagnosis. Output data are sent out through the Serial Data Output (SDO) port and are synchronized to the external clock. During test execution, the BIST control unit enables the test mode, closes the feedback loop of the circular shift-register, and clocks the circular shift-register at the sampling clock frequency of the modulator (i. e. clock phase φ 1 in Fig. 4).

C. Ternary test stimulus injection

The ternary test stimulus is directly injected into the input of the modulator using a three-level DAC controlled by signals D -1 , D 0 , and D +1 . Fig. 4 shows the original schematic of the input switching stage of the 2:1 MASH modulator and the diagram of its clock phases. The 2:1 MASH modulators in the ADC IP core work with two non-overlapped clock phases, denoted by φ 1 and φ 2 in Fig. 4. The input sampling operation is divided into two sub-phases within clock phase φ 1 . During clock sub-phase φ 1a , the input capacitors are reset by shorting their nodes to the common-mode voltage. During clock sub-phase φ 1b , the input capacitors are charged to the input voltages. The digital output bitstreams at the output of the modulator, denoted by outXYZ, are fed back to the input of the modulator in clock phase φ 2 , which is also divided into two steps. In a first step, the feedback signals out1YZ are activated, connecting the input node to reference voltages AGND or VHX. Note that index Y makes reference to the signal path -positive or negative-to which the switch is connected, while index Z makes reference to the type of transistor. Reference voltages AGND and VHX offer a fast signal settling at the cost of a low precision. They are used to pre-load the input capacitor to a value close to the Σ∆ ADC references. In a second step, feedback signals out2YZ are activated, connecting the input node to the ADC reference voltages VL or VH. These reference voltages offer a high precision reference value, but signal settling is slower. The division of the modulator feedback operation in these two steps allows relaxing the design of the integrated bandgap reference generator.

Fig. 5 shows the modification of the input switching stage for the purpose of injecting the ternary test stimulus. During test mode, control signal T is set to "1" by the BIST control block, turning off the input sampling switches, denoted by S6 and S6' in Fig. 5, and, thereby, isolating the modulator under test from the input signal path. At the same time, extra switches STX are connected to the input node of the sampling capacitors. This set of switches implements a simple and robust three-level differential DAC that reconstructs the analog sine-wave encoded in the ternary test stimulus {D -1 , D 0 , D +1 } and injects it directly into the input sampling capacitors of the modulator under test. As opposed to [START_REF] Rolindez | A stereo audio Σ∆ ADC architecture with embedded SNDR self-test[END_REF], it is not required to scale down the reference voltages VH and VL, thus no modifications of the bandgap reference generator and no extra external analog references are needed. States "+1" and "-1" in the ternary test stimulus are directly converted to the differential analog levels VH -VL and VL -VH, respectively, while the "0" state is implemented by generating a null differential voltage at the input nodes of the sampling capacitors. This is achieved by connecting the input capacitors to the common-mode voltage V cm through switches ST1 and ST1' to discharge them. Alternatively, this null differential voltage could have been produced by activating switches S1 and S1' during clock phase φ 1b , but this would have required an extensive modification of the internal clock phase generator to avoid overlapping between clock phases φ 1a and φ 1b during normal operation. We opted for adding independent switches ST1 and ST1' since it is a simpler option.

The overall overhead for injecting the ternary test stimulus is only the six switches ST1, ST1', ST2, ST2', ST3, and ST3' which is equivalent to only four CMOS switches. From a design point of view, switches ST1 and ST1' are an exact replica of switches S1 and S1', whereas switches ST2, ST3, ST2', and ST3' are an exact replica of switches S4, S5, S4', and S5', respectively.

An aspect that should be carefully considered in the design of the three-level DAC is the impact of the DAC non-linearity on the spectral purity of the ternary test stimulus. An ideal three-level DAC should have the linear input-output characteristic depicted in Fig. 6(a). However, second-order nonidealities, such as mismatch and unbalanced charge injection between positive and negative signal paths, may lead to DAC non-linearity. In order to analyze the impact of these nonidealities on the proposed three-level DAC, we consider a simple model, as shown in Fig. 6(b). The effect of the nonindealities on the DAC levels has been modeled as an equivalent deviation on the middle-point output voltage, labelled as V off in Fig. 6(b). In general, V off may also depend on the input digital sequence of the DAC. However, the fully-differential DAC implementation, together with the reset of the sampling capacitor during phase φ 1a before injecting each sample of the test stimulus, result in V off that is approximately constant. Using this simple model for the proposed three-level DAC design, Fig. 7 shows the SNDR at the output of the DAC when the magnitude of V off is swept from 1 nV to 1 mV. In this analysis, the DAC is excited by a digital ternary test stimulus encoding a sinusoid with an amplitude A = -3 dBFS. The SNDR of this test stimulus is SNDR = 117 dB and is indicated in Fig. 7 for visual reference. As it can be observed, the linearity in terms of SNDR of the signal at the DAC output drops quickly for V off > 10 µV.

To this end, we performed a transistor-level Monte Carlo simulation of the actual three-level DAC that is employed in 

D. Test response analyzer

The test response evaluation is performed by a version of the sine-wave fitting algorithm [START_REF]IEEE standard for terminology and test methods for analog-to-digital converters[END_REF], [START_REF]IEEE Standard for Digitizing Waveform Recorders[END_REF]. Many efficient implementations of the sine-wave fitting algorithm have been proposed in the literature [START_REF] Rolindez | A stereo audio Σ∆ ADC architecture with embedded SNDR self-test[END_REF], [START_REF] Bock | Calibration of DAC Mismatch Errors in Σ∆ ADCs Based on a Sine-Wave Measurement[END_REF], [START_REF] Handel | Properties of the IEEE-STD-1057 four-parameter sine wave fit algorithm[END_REF]. In this work, we implement a simplified version of the sine-wave fitting algorithm that was first introduced in [START_REF] Rolindez | A stereo audio Σ∆ ADC architecture with embedded SNDR self-test[END_REF]. The classical sinewave fitting algorithm aims at fitting in a least-square sense a pure sinusoidal reference signal to the output response of the ADCUT. The goal is to determine the DC level, amplitude, frequency, and phase of the fundamental tone in the test response signal. Noise and distortion components can then be easily computed as the residues of the fitted curve. The interested reader is referred to [START_REF]IEEE standard for terminology and test methods for analog-to-digital converters[END_REF], [START_REF]IEEE Standard for Digitizing Waveform Recorders[END_REF] for a detailed analysis of the sine-wave fitting technique. The proposed simplification of the sine-wave fitting algorithm is based on the fact that the test response and reference signals have the same frequency and they are completely synchronized, which saves us from having to compute the phase and frequency of the test response signal. Next, we describe the algorithm for computing the SNDR and making a direct go/no-go test decision on-chip. The algorithm is conceptually depicted in Fig. 8.

The algorithm first computes the DC component of the test response signal as

DC = 1 N N i=1 S out (i), (5) 
where S out (i) are the samples of the test response signal at the output channel under test and N is the total number of samples considered in the evaluation. In our implementation, the number of samples is fixed to N = 563 which corresponds to 64 signal periods coherently sampled. Coherent sampling is not required by the classical sine-wave fitting algorithm, but it further simplifies the computations and, thereby, it reduces significantly the resources required for the hardware implementation. It should be stressed that coherent sampling is easily achieved by construction, since, as explained in Section III-B, the period of the test stimulus is an integer multiple of the modulator sampling clock period.

In the next step, the algorithm computes the point-to-point correlation of test response and reference signals as

Correl = N i=1 S out (i)S ref (i), (6) 
where S ref (i) are the samples of the reference signal. The amplitude of the test response signal is related to the computed correlation as

A = 2 N A ref Correl, (7) 
where A ref is the amplitude of the reference signal encoded in the ternary test stimulus, which is known a priori.

Once the amplitude has been computed, the algorithm adjusts the reference signal to the amplitude A and DC values as

S ref,adj (i) = A A ref S ref (i) + DC. (8) 
Finally, the algorithm computes the noise and distortion power in the test response signal, denoted by P error , as

P error = 1 N N i=1 (S out (i) -S ref,adj (i)) 2 . ( 9 
)
The SNDR of the test response signal can be computed as

SNDR = 10 log A 2 /2 P error . ( 10 
)
However, to avoid an excessive overhead, the test response analyzer does not compute directly the SNDR value. Instead, it performs a comparison with a preloaded threshold to provide a go/no-go test decision. From [START_REF] Mir | An implementation of memory-based on-chip analogue test signal generation[END_REF] go/no-go = 1, if A 2 2 P error 10 SNDRspec/10 0, if A 2 2 < P error 10 SNDRspec/10 (11

)
where SNDR spec is the SNDR specification of the ADCUT.

The threshold value Threshold = 10 SNDRspec/10 is a known constant that is loaded into the test response analyzer prior to the evaluation. The proposed test response analyzer has been implemented with an embedded Arithmetic Logic Unit (ALU) and a Finite-State Machine (FSM) controller, schematically depicted in Fig. 9. The ALU has three main blocks -addition, multiplication, and division-together with two blocks for complement operations and one block for comparison operations. The blocks for the complement operations are required to enable subtractions, while the block for comparison is required to compare P error with the preloaded threshold value. The proposed implementation uses Booth's multiplication algorithm to build the multiplier, while the division is actually performed by multiplying by the inverse of the denominator. The FSM controller is programmed to evaluate equations ( 5)- [START_REF] Ong | A new sigma-delta modulator architecture for testing using digital stimulus[END_REF] sequentially, using only one adder, one multiplier, and one divider. In order to further reduce the area overhead of the test response analyzer, S out and S ref samples are not stored into a memory, but sequentially read from the outputs of the ADCUT and fed to the evaluation algorithm. As a consequence, the evaluation algorithm is executed in two sequential steps: in the first step the algorithm evaluate equations ( 5)-( 7) over N ADCUT output samples, while in the second step N additional samples are read to evaluate equations ( 8)- [START_REF] Ong | A new sigma-delta modulator architecture for testing using digital stimulus[END_REF].

The functionality of the test response analyzer is also controlled by the BIST control block through the SPI bus. The reference values A ref and Threshold are externally loaded through the SDI port, synchronized to the external clock fed by the CK port. The BIST control block manages the execution of the evaluation algorithm and outputs the go/no-go test decision through the SDO port at the end of the evaluation.

E. BIST control and SPI interface

The BIST control block manages the test program by supervising the execution of the test and, as it has been described previously, it also interfaces the BIST wrapper with the external ATE through a standard SPI bus. The BIST control block consists of four main units, as shown in Fig. 10, namely a SPI Slave port Unit, a Fetch and Execute Unit, a Configuration Unit, and a Reset Unit.

The SPI Slave port Unit has been designed to provide a robust and simple serial interface between the BIST wrapper and the ATE. This standard serial connection allows the ATE to configure the test parameters (i.e. load input stimulus, write configuration registers, etc.) and read out the test results through the SPI standard ports CS, CK, SDO, and SDI. The SPI Slave port Unit is connected to the Fetch and Execute Unit using a parallel interface which is clocked at the master system clock of the IP, which is denoted by SYS CK in Fig. 10. The SPI Slave port Unit works on two asynchronous clock domains, namely the external clock CK and the master system clock SYS CK. It has been designed to guarantee a correct data transfer over these two asynchronous clock domains without any data loss or undesired meta-stability behavior.

The Reset Unit initializes all registers in the BIST wrapper. This global reset instruction can be activated directly via the SPI Slave port Unit sending the appropriate command sequence.

The Fetch and Execute Unit has been designed to receive 8bit command messages from the SPI Slave port Unit, decode them, and execute the corresponding action. It transmits all external configuration data coming from the SPI Slave port Unit to the Configuration Unit. Then, the Configuration Unit loads these data to the appropriate register in the BIST wrapper. The Fetch and Execute Unit also receives the test result data and sends them to the SPI Slave port Unit to be read out through the SPI interface. In addition, it acts as the global test processor of the BIST wrapper and controls the execution of the self-test procedure.

A complete test sequence starts by loading a test configuration through the SPI bus (e.g. bitstream in the circular shift-register and reference values A ref and Threshold) and defining the channel under test (i. e. Left or Right). Then, upon receiving the "execute test" command, the BIST control block interrupts the normal operation of the ADCUT by enabling the test mode and the ternary test stimulus is injected into the input of the selected channel. The first 20 periods of the test response are discarded to avoid capturing transient effects, then the following 128 periods are processed by the test response analyzer which compares the SNDR of the test response signal to the preloaded specification value, as detailed previously. Once the self-test has been completed, the BIST control restores normal operation and stores the test results, which can be thereafter read out via the SPI bus upon receiving the appropriate commands. The whole self-test procedure takes 28 ms per ADC channel.

IV. EXPERIMENTAL RESULTS

We have redesigned a 40nm CMOS 18-bit stereo audio Σ∆ ADC IP provided by ST Microelectronics to include the complete BIST wrapper. In total, 56 prototype chips were fabricated. Fig. 11 shows a microphotograph of one of the fabricated chips. The BIST wrapper incurs an area overhead that is only 7.1% of the area of the Σ∆ ADC. This area overhead is dominated by the test stimulus generator, test response analyzer, and BIST control blocks, which are fully digital blocks. The area of the modulators has not been modified since the extra switches for injecting the ternary test stimulus have been inserted within the existing layout of the modulators. Furthermore, no power consumption overhead is observed during test mode since power consumption is dominated by the analog section of the Σ∆ ADC which is not modified.

In order to validate the feasibility of the proposed BIST strategy and the functionality of the test instruments within the BIST wrapper, we set up a batch of experiments to compare the BIST to the standard functional specification test approach. The BIST is based on a digital ternary test stimulus that encodes a high-resolution analog sine-wave, whereas the standard functional specification test approach is based on applying directly a high-resolution analog sine-wave at the input of the ADCUT.

Our first test setup, conceptually depicted in Fig. 12, aims at showing the equivalence between the proposed digital ternary test stimulus and the standard functional specification test. Firstly, we use the configuration of Fig. 12(a) where we employ a conventional workstation as SPI master device for configuring and executing the BIST program and an Audio Precision Audio Analyzer for computing the SNDR. The functional specification test uses the test configuration of Fig. 12(b) where an Audio Precision Audio Analyzer is employed both for generating the high-resolution analog sinewave test stimulus and for computing the SNDR. The procedure is repeated considering seven different input amplitudes, i.e. -59.1 dBFS, -31.7 dBFS, -14.6 dBFS, -10.6 dBFS, -8.6 dBFS, -6.4 dBFS, and -3.0 dBFS, and for the 2 channels of all 56 fabricated chips (i.e. 112 ADCUTs in total).

The SNDR values obtained using the digital ternary test stimulus and the standard functional specification test, as well as their comparison, are shown in Fig. 13. In the x-axis, we show the amplitude of the signal at the input of the modulator, while in the y-axis we show the measured SNDR values obtained by processing directly the ADCUT output, i.e. without employing the test response analyzer block. Fig. 13(a) shows the SNDR measured using the functional specification test, Fig. 13(b) shows the SNDR measured using the digital ternary test stimulus, and Fig. 13(c) shows a superposition of both sets of curves in Fig. 13(a) and Fig. 13(b) for a direct visual comparison.

By comparing Fig. 13(a) and Fig. 13(b), for the standard functional specification test set up, we observe that the amplitude of the signal at the input of the modulator is consistently attenuated. This attenuation is clearly visible by looking at the position of the data points on the x-axis. As it can be observed, the circle markers in Fig. 13(a) are consistently 2.3 dBFS below the diamond markers in Fig. 13(b) when the markers are projected to the x-axis (i.e. modulator input amplitude) for all seven test stimuli considered in our experiment. This constant attenuation of the input amplitude is due to the anti-aliasing filter that is placed before the modulator. It is not apparent when using the digital ternary test stimulus generator because the anti-aliasing filter is disconnected from the signal path and the ternary test stimulus is fed directly into the modulator. In Fig. 13(b), the higher spread of the SNDR measurements that appears for input amplitudes close to the FS can be easily explained by the fact that these input amplitudes are in the vicinity of the stability limit of the modulator. In contrast, in Fig. 13(a), the SNDR measurements obtained by the functional specification test do not show a similar spread because the input amplitude is attenuated by the anti-aliasing filter and the signal amplitude at the input of the modulator is less than the stability limit. The knee that is apparent in the SNDR measurements in Fig. 13(a) is due to the additional distortion introduced by the anti-aliasing filter that essentially limits the SNDR of the ADC in normal operation. From Fig. 13(c) it can be seen that the SNDR measurements obtained using the digital ternary test stimulus track very well, along the complete input amplitude range, the SNDR measurements obtained with the standard functional specification test.

Fig. 14 shows the histogram of the SNDR estimation error, defined as the difference between the SNDR obtained by the standard functional specification test and by using the digital ternary test stimulus. The histogram is produced by considering all fabricated chips and by measuring the SNDR in both ways at different input amplitudes, i.e. -59.1 dBFS, -31.7 dBFS, -14.6 dBFS, -10.6 dBFS, and -8.6 dBFS. Higher amplitudes close to the FS are excluded since, as explained above, they give rise to other phenomena (e.g. instability of modulators, distortion introduced by the antialiasing filter) which are not related to the BIST precision. A good indicator of the average precision of the SNDR measurement using the digital ternary test stimulus is the standard deviation σ of the SNDR error distribution. From Fig. 14, we calculate 3σ = 1.4 dB, which is essentially equivalent to the precision of the standard functional specification test performed on dedicated ATE. Therefore, the results demonstrate the equivalence between the proposed digital ternary test stimulus and the functional specification test that employs a high-precision analog sine-wave test stimulus.

Regarding the test response analyzer, upon first silicon inspection, we found a routing error of the digital input signal FSYNC IN that had passed undetected during the pre-silicon verification process. This error affects only the functionality of the test response analyzer block. Nevertheless, since this is a fully-digital block and the output signals of the ADCUT are accessible from primary pins, we were able to replicate the functionality of this block in software to validate the proposed signal processing algorithm. We used the test setup in Fig. 12(a) with the exception that the digital output of the ADC is now routed back to the workstation and fed to a software implementation of the test response analyzer block. The SNDR computed by the test response analyzer block is compared to the SNDR measurement obtained by the functional specification test across different input amplitudes for one random chip, as shown in Fig. 15. As it can be seen, the two measurements track each other very well across the complete input amplitude range. As before, for input amplitudes close to FS, the differences are explained by the anti-aliasing filter that is disconnected during the BIST execution.

V. CONCLUSIONS

We have presented a 40nm CMOS 18-bit stereo audio Σ∆ ADC that features a fully-digital BIST wrapper for measuring the SNDR on-chip. The proposed BIST is based on injecting a digital ternary test stimulus that encodes a high-precision analog sine-wave directly into the input of the modulator. The test response analysis is also carried out on-chip based on a simplified sine-wave fitting algorithm. The BIST includes a dedicated control block based on a standard SPI bus for switching to test mode, monitoring the test execution, and reading out the test results. The estimated total area overhead of the BIST is 7.1% and the total test time per channel is 28 ms. Experimental results on 56 fabricated chips prove the feasibility and effectiveness of the proposed BIST approach. Results show an excellent match across the complete dynamic range between SNDR measurements obtained using BIST and SNDR measurements obtained using standard functional specification test on precision equipment. Future work will be aimed at extending the functionality of the BIST circuitry for enhancing the performance and reliability of the Σ∆ ADC. One clear research path in this line is the calibration of the Σ∆ ADC by taking advantage of the digital channel in the BIST wrapper to provide a "golden reference" signal. 
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 4 Fig. 4. a) Fully-differential input stage of the 2:1 MASH modulators in the Σ∆ ADC IP core; b) Diagram of modulator's clock phases.
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 5 Fig. 5. Modification of the fully-differential input stage of the 2:1 MASH for the purpose of injecting the ternary test stimulus. The modifications have been highlighted.
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 6 Fig. 6. a) Input-output characteristic of an ideal three-level DAC; b) Nonlinear model for a three-level DAC. Non-linear effects are combined into an equivalent offset in the middle-point level of the DAC.
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 7 Fig. 7. SNDR at the output of the three-level DAC as a function of the equivalent middle-point offset. The DAC is excited by a digital ternary stimulus encoding a sinusoidal with A = -3 dBFS and SNDR = 117 dB
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 11 Fig. 11. Microphotograph and floorplanning of the fabricated Σ∆ ADC IP with BIST.
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 12 Fig. 12. a) Test setup for injection of digital ternary test stimulus in BIST mode; b) Functional specification test setup.
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 13 Fig. 13. SNDR measured by processing directly the ADCUT output versus the signal amplitude at the input of the modulator: (a) standard functional specification test and (b) digital ternary test stimulus. Each curve corresponds to the SNDR of one channel of a fabricated chip (i. e. in total 2 × 56 = 112 curves). The curves in (a) and (b) are superimposed in (c) for the purpose of comparison.
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 14 Fig. 14. Histogram of SNDR estimation error.
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 15 Fig.[START_REF] Hong | A Decorrelating Design-for-Digital-Testability Scheme for Σ∆ Modulators[END_REF]. SNDR measurement using the BIST (the test response analyzer is implemented in software) and the standard functional specification test as a function of the signal amplitude at the input of the modulator.
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