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A sub-picosecond resolution jitter instrument for GHz frequencies based on a sub-sampling TDA

An on-chip instrument for jitter estimation of clock signals in the GHz range using a sub-sampling Time Difference Amplifier (TDA) is presented in this work. A self-referenced technique that removes the requirement of a very clean external reference clock is used. The TDA uses a novel technique that overcomes the limitations due to the gain and response time trade-off when operating at GHz frequencies. The instrument is designed in STMicroelectronics 28 nm FDSOI technology and simulation results show a sub-picosecond resolution for the estimation of the random jitter of clock signals up to 5 GHz.

I. INTRODUCTION

Clock jitter is the deviation of a clock edge relative to a reference time frame. In communication systems operating in the Gigabit/s range, clock jitter has a significant impact on the system performance in terms of Bit Error Rate (BER). A highspeed communication link operating with clocks in the GHz range, typically offering BER as low as 10 -12 , can tolerate clock jitter of a few picoseconds. However, with the continuous increase in data rates, clock jitter in the femtosecond range is becoming necessary. Jitter measurement with this level of resolution during production testing or through prototyping design stages needs high-speed oscilloscopes or spectrum analyzers which are also often expensive. On-chip jitter measurement offers a low-cost solution that also overcomes the inaccuracies in measurement that arise due to RLC effects while tapping high speed clocks for off-chip measurement. A complete embedded instrument can be used for monitoring noise, aging and environmental effects, for diagnostics or for parameter control in multiple applications.

On-chip jitter measurement techniques can be classified into two main categories that include, on one hand, the use of an external clock reference and, on the other hand, selfreferenced techniques. The first category includes conventional techniques that use a clean reference and are often based on coherently undersampling the Signal Under Test (SUT) with the external clock. A major advantage of undersampling is that it does not require on-chip delay lines, matched oscillators or calibration, and it reduces the noise and process-sensitive circuitry to one or several latching elements. Postprocessing of the digital signal obtained allows the extraction of the jitter Probability Density Function (PDF) [START_REF] Sunter | On-chip digital jitter measurement, from megahertz to gigahertz[END_REF]. Earlier works using this approach were used to measure rise and fall times [START_REF] Huang | An on-chip short-time interval measurement technique for testing high-speed communication links[END_REF]. For high frequency Gaussian jitter, it is possible to directly obtain the RMS jitter without the need of extracting the histogram [START_REF] Gall | High frequency jitter estimator for SoCs[END_REF]. Jitter RMS values close to 100 fs have been experimentally demonstrated with an external clock by undersampling signals up to 6 GHz [START_REF] Gantsog | 0.89 mW on-chip jittermeasurement circuit for high speed clock with sub-picosecond resolution[END_REF]. Other on-chip techniques have used oversampling and interpolation techniques at lower signal frequencies to reach picosecond resolution [START_REF] Nose | A 1ps-resolution jittermeasurement macro using interpolated jitter oversampling[END_REF].

Jitter estimation techniques that remove the need of an external reference clock are the second category of on-chip instruments and are generally termed as self-referenced techniques. These measurement schemes use a delayed version of the SUT to sample the clock itself to extract the jitter [START_REF] Huang | A low-cost jitter measurement technique for BIST applications[END_REF]. Self-referenced techniques for on-chip jitter measurement have been experimentally demonstrated with a resolution of 400 fs in [START_REF] Jenkins | An on-chip jitter measurement circuit with sub-picosecond resolution[END_REF], and 300 fs later in [START_REF] Gantsog | 0.89 mW on-chip jittermeasurement circuit for high speed clock with sub-picosecond resolution[END_REF], for signals up to a few GHz. A resolution below 100 fs has been shown experimentally in [START_REF] Niitsu | CMOS circuits to measure timing jitter using a self-referenced clock and a cascaded time difference amplifier with duty-cycle compensation[END_REF], but with signals below 1 GHz with the use of a time-difference amplifier (TDA). Recently, an instrument with automatic calibration has been demonstrated in a 28 nm CMOS process but with picosecond resolution with signals up to 1 GHz [START_REF] Chou | An all-digital on-chip peak-to-peak jitter measurement circuit with automatic resolution calibration for high PVTvariation resilience[END_REF]. Authors presented in [START_REF] Madhvaraj | A self-referenced onchip jitter BIST with sub-picosecond resolution in 28 nm FD-SOI technology[END_REF] a novel self-referenced jitter instrument combining the use of a Vernier delay line with a TDA, demonstrating sub-picosecond resolution for GHz frequencies.

Jitter is generally classified as random or deterministic, depending on the sources that produce it. It is described with its histogram or PDF, and characterized by its peak-to-peak or Root-Mean-Square (RMS) values [START_REF] Dalt | Understanding Jitter and Phase Noise: A circuits and systems perspective[END_REF]. A self-referenced technique for random jitter estimation uses delay lines to sample the clock under test with a delayed version of itself at various instants of time in the vicinity of the expected clock edge. The probability that a given edge leads or lags its delayed version gives rise to a jitter histogram from which RMS jitter is computed [START_REF] Huang | A low-cost jitter measurement technique for BIST applications[END_REF]. The resolution of jitter measurement depends on the minimum time step with which the delay lines can be varied. In order to achieve a sub-picosecond resolution for jitter estimation, delay lines that can be precisely varied in the range of hundreds of fs are required. However, PVT variations in addition to inherent thermal noise and device mismatch limit the minimum delay that can be implemented in a given technology, and a careful calibration of each delay element is required. On top of this, standard flip-flops used as phase detectors for generating the histogram have minimum setup and hold times in the order of picoseconds.

These difficulties can be addressed by means of a TDA that expands the range of delay lines to support sub-picosecond resolution [START_REF] Niitsu | CMOS circuits to measure timing jitter using a self-referenced clock and a cascaded time difference amplifier with duty-cycle compensation[END_REF]. However, the operation of a high-gain TDA in the GHz range results in missing pulses at the output because of a trade-off between the gain and the output regeneration time constant. As the clock frequency increases, the time duration for which the clock remains high decreases, but the output regeneration time remains constant for a given gain. This leads to missing pulses in the output of the TDA. This work proposes to use a TDA in a sub-sampling mode to overcome this limitation for random jitter measurement. A jitter test instrument using the proposed TDA is described demonstrating the feasibility of sub-picosecond resolution for clock jitter measurement up to 5 GHz.

The rest of this paper is organized as follows. Section II discusses the conventional TDA and the implementation of a modified TDA for GHz operation. A jitter test instrument employing the modified TDA and implemented in 28 nm FDSOI technology is described in Section III. Simulation results are presented in Section IV to demonstrate the feasibility of the instrument. Finally, conclusions are given in Section V.

II. MODIFIED TDA FOR GHZ OPERATION

The TDA described in Fig. 1 [START_REF] Lee | A 9 b, 1.25 ps resolution coarse-fine time-todigital converter in 90 nm CMOS that amplifies a time residue[END_REF] is an improvement of the one proposed in [START_REF] Abas | Design of sub-10-picoseconds on-chip time measurement circuit[END_REF] with increased gain and range control. It is composed of two unbalanced SR latches. When two signals are almost simultaneously incident on an SR latch, the latch takes a longer time to come out of metastability. The latch finally settles its outputs in a state that depends on which signal advances the other at its inputs. This property is exploited to amplify the latch input time difference T IN into an output time difference T OU T . As shown in Fig. 1(b) in a discontinuous trace, the characteristic gain function of a latch T OU T = f (T IN ) is symmetrical. The output tends to a large value when the input tends to 0, and to a small value for large absolute values of the input. The actual gain depends on the NAND gate transconductance during metastability and the output capacitance. By adding a time offset T off in opposite branches of the two latches, the gain characteristic of each latch is shifted in opposite directions as shown in Fig. 1 

A. TDA challenges for GHz operation

The gain of the TDA is directly proportional to the regeneration time constant τ = C/gm, where C is the load capacitance of the SR latch and gm is the transconductance of a NAND gate [START_REF] Abas | Design of sub-10-picoseconds on-chip time measurement circuit[END_REF]. The higher the gain required, the higher the regeneration time constant, and the intrinsic delay or response time of the TDA also increases. As the frequency of the input signal increases, with the same gain, the response time remains the same. But this time may now become too long and the coming falling edges at the inputs of the TDA may reset the output of a SR latch before the TDA could produce the result Fig. 2. Missing pulse for high frequency TDA operation required for the previous rising edges. Fig. 2 shows the outputs of a SR latch for two cases, one at lower frequency for which the latch has sufficient time to response before the falling edge arrives, and one at higher frequency where the SR latch outputs are reset to high before it could get out of the meta-stability state.

One possible solution for this problem is to increase the duty cycle of the TDA so that a SR latch will have more time to get out of the meta-stability state when solving for the rising edges [START_REF] Niitsu | CMOS circuits to measure timing jitter using a self-referenced clock and a cascaded time difference amplifier with duty-cycle compensation[END_REF]. However, for frequencies in the GHz range and on times in the range of picoseconds, this becomes quickly insufficient.

B. Sub-Sampling TDA

In this paper we address the problems discussed above by using a classical TDA in a novel subsampling operation mode for random jitter measurement. With the help of an additional digital control circuit, falling edges are passed at the input of the TDA only when the time difference between the rising edges being processed has already been amplified. This way, instead of passing all edges, edges are passed along with an interval defined by the inherent delay of the TDA. The under-sampled jitter will a random process with the same characteristics as the jitter in the clock signal.

A sub-sampling TDA with four stages is shown in Fig. 3. The asynchronous operation of the digital control circuit is explained in Algorithm 1 and illustrated by the waveforms shown in Fig. 4. When the reset signal (RST) is high, the inputs and outputs of the TDA are at logic zero. When RST becomes low, the TDA is enabled. The operation of the control circuit requires two internal signals TR and TF that define if rising or falling edges are passed to the TDA inputs, via two control latches, by generating pulse signals Select Rise and Select Fall with a time duration that depends on the input clock signals. The signal Select Rise Fall that finally controls the latching of TDA inputs for amplification by the 4-stage TDA is sent half a clock period in advance and hence setup and hold time requirements of the input latches will be respected. Mismatch between the two control latches will shift the output jitter histogram, but this is corrected during a simple calibration step of the instrument similarly as in [START_REF] Madhvaraj | A self-referenced onchip jitter BIST with sub-picosecond resolution in 28 nm FD-SOI technology[END_REF].

Algorithm 1 Algorithm of Digital Control if RST is logic high Out Clk A = 0, Out Clk B = 0, i = 1 Select Rise = 0, Select F all = 0; else T R = (Out Clk A & Out Clk B), T F = (Out Clk A∥Out Clk B)
always @ (Negedge(TF) OR (i==1)) Generate Select Rise Pulse i = 0 always @ (Posedge(TR))

Generate Select Fall Pulse III. JITTER TEST INSTRUMENT WITH MODIFIED TDA Fig. 5 shows a simplified block diagram of the jitter test instrument using the self-referenced technique. The limitation posed by the TDA in scaling up the operating frequency of the SUT into the GHz is overcome by the sub-sampling TDA as described in Section II.

The jitter test instrument has first an NT delay block to delay the SUT Input clk. This block is composed of a cascade of delay elements of the type described in [START_REF] Sourikopoulos | A digital delay line with coarse/fine tuning through gate/body biasing in 28nm FDSOI[END_REF] where N is the number of delayed periods and T the period of the SUT. The NT delayed clock Input clk B acts as the sampling clock for signal Input clk A which has not been delayed. As demonstrated in [START_REF] Niitsu | CMOS circuits to measure timing jitter using a self-referenced clock and a cascaded time difference amplifier with duty-cycle compensation[END_REF], by setting the NT delay to multiples of the clock period, the jitter correlation between both signals will be very low (at least for random jitter) and the absolute jitter of the SUT can be extracted with a gain of √ 2 from the N-period jitter that is measured by construction. The modified TDA amplifies the time difference between the SUT and the sampling clock, thereby expanding the resolution of measurement by its gain.

The SUT and sampling clock next traverse a Vernier Delay Line (VDL) made of a cascade of Vernier delay cells, each biased for a delay Gain T DA × ∆, where ∆ is the target jitter resolution of 100 fs and the TDA gain is approximately 100. The Vernier delay cells are made of the same type of delay elements as for the NT delay. The sampling clock is incrementally delayed after each Vernier delay cell in the line. A phase comparator is used at the output of each VDL cell to detect the lead or lag of the SUT with respect to its delayed version. A counter stores the number of hits at the output of each VDL cell and this is used to generate the histogram.

The principle for the generation of the jitter histogram is illustrated in Fig. 6 for a VDL that contains 25 delay cells. The outputs of each VDL cell allow computing one point of the Cumulative Distribution Function (CDF) of the jitter, at regular delays in the vicinity of the expected clock edge of the SUT. For each delay cell, the SUT is processed for a fixed time- length in order to produce the value of the corresponding CDF bin that is scanned out from the chip. The calculated bin values are assembled to produce the CDF. The jitter PDF is obtained off-chip by derivation of the CDF, and the absolute RMS jitter is calculated from it after correction by a factor of √ 2. It must be noticed that the implementation only considers sampling one side of the SUT random jitter PDF that is considered symmetrical. The described operation is similar to the one described in [START_REF] Madhvaraj | A self-referenced onchip jitter BIST with sub-picosecond resolution in 28 nm FD-SOI technology[END_REF] that has been proven to be robust against process variations.

IV. SIMULATION RESULTS

This section describes the simulation of the jitter test instrument shown in Fig. 5 which utilizes the modified TDA, and reports the results obtained for jitter measurement of signals up to 5 GHz. This instrument is built on the basis of our previous jitter estimation instrument in [START_REF] Madhvaraj | A self-referenced onchip jitter BIST with sub-picosecond resolution in 28 nm FD-SOI technology[END_REF], where operation at such high frequency is not possible due to limitations in the classical TDA. A clock signal injected with a known value of RMS jitter is fed as input Signal Under Test (SUT) to the test instrument. The jitter histogram is obtained by observing the output of the counter for each of the 25 bins, as described in Section III. Transient simulations have been carried out for a transistor-level implementation of the subsampling TDA in 28 nm FDSOI technology.

An example of simulated jitter histogram generated with a SUT frequency of 5 GHz and an input RMS jitter of 800 fs is shown in Fig. 7. The vertical axis of the histogram shows the number of hits for each bin considering the same simulation time per bin. These hits were counted at the output of the phase comparator and form the Cumulative Distribution Function (CDF) from which the Probability Distribution Function (PDF) can be derived to calculate the standard deviation of jitter. Thus, the estimated RMS jitter results in 737 fs, which is in agreement, within the resolution of the instrument, with the expected 800 fs of RMS jitter that was injected into the input SUT.

Simulations were performed at different input frequencies and injected RMS jitter. Table I shows the simulation results of the estimated RMS jitter at two frequencies of 1 GHz and 5 GHz, demonstrating the feasibility of the modified TDA to operate at frequencies in the GHz range with sub-picosecond resolution.

V. CONCLUSIONS

This paper has presented a novel technique to mitigate the limitations of a high-gain TDA when it is used at GHz frequencies for on-chip random jitter measurement. The trade-off in the TDA between its output regeneration time constant and its gain leads to missing pulses as clock frequency is increased in the GHz range. A sub-sampling TDA has been proposed to overcome these limitations. By actively monitoring the TDA outputs to enable sufficient time for output generation before latching the next input into the TDA, this work specifically addresses the limitations in the functioning of the conventional high-gain TDA at high frequencies. The modified TDA is transparent to the input clocks until the current outputs are generated, and the input clock frequency can be scaled up well into the GHz range. A jitter test instrument employing the modified TDA has been described. Simulation results demonstrate the feasibility of a sub-picosecond resolution for jitter estimation for clocks up to 5 GHz.

  (b) in continuous traces. The characteristic gain function of the TDA T OU T =f(T IN ) is shown in Fig. 1(c). It is just the difference of the characteristic gain functions of the two SR latches. The NAND outputs from the SR latches are fed to capacitors that help to further boost the gain of the TDA which should be operated in its linear region in the range [-T off , T off ].
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 1 Fig. 1. (a) Schematic of a single stage TDA, (b) Conceptual gain characteristics of the two SR latches, and (c) Conceptual gain characteristic of the TDA[START_REF] Lee | A 9 b, 1.25 ps resolution coarse-fine time-todigital converter in 90 nm CMOS that amplifies a time residue[END_REF] 
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 7 Fig. 7. Jitter histogram for 5 GHz clock frequency
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	SIMULATION RESULTS OF ON-CHIP JITTER MEASUREMENT
	Input RMS Jitter (fs)	Frequency (GHz)	Calculated RMS Jitter (fs)
	500	1 5	438 440
	800	1 5	733 737

ACKOWLEDGEMENTS

This work has been carried out in collaboration with STMicroelectronics within the Nano2022 research program.