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Abstract

:

A four-phase all-digital delay-locked loop (ADDLL) with a de-skew circuit for NAND Flash high-speed interfaces is proposed. The proposed de-skew circuit adopts a fall-edge-judgment phase adjuster and a three-stage digitally controlled delay line to align the system input clock and 0   ∘   output clock of the four-phase DLL over a wide frequency range, thus solving the four-phase offset caused by clock skew. A parallel-cascade configuration is proposed to solve the variable phase alignment problem caused by mode switching, thus effectively improving the phase-locked accuracy. The proposed circuit is fabricated in the 0.13  μ m CMOS process with a 0.072 mm   2   core area. The chip testing results show an operating frequency range from 26 MHz to 1.55 GHz and a typical alignment error of approximately 17 ps.
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1. Introduction


With the advantages of high stability [1,2,3] and strong portability [4,5,6,7], the all digital delay-locked loop (ADDLL) is widely used as multiphase clock generator [8,9,10,11] in double data rate (DDR) synchronous interfaces. The Open NAND Flash Interface Specification (ONFI) [12], which is the industry standard, strictly stipulates the timing requirements of non-volatile double data rate (NV-DDR) high-speed interfaces. To ensure the accuracy of data sampling, the ONFI specifies that in the write operation, the edge of the data strobe signal (DQS) is aligned to the center of the valid window of data signal (DQ); in the read operation, the edge of the DQS is aligned to the edge of the DQ. Therefore, a four-phase DLL is needed in NAND Flash interfaces to provide different delay for the read and write channels. According to ONFI 5.0, the four-phase DLL must be able to achieve high precision in a wide frequency range of (33 MHz, 1.2 GHz).



In the synchronous interface circuit, the system clock (SCLK) needs to go through a complex clock network [13,14,15] before entering the four-phase DLL. Then, the input clock passes through the internal buffers and logic units to reach the 0° output clock (CLK0) of the four-phase DLL [16]. The propagation delay caused by these units is easily affected by process, voltage and temperature (PVT) [17,18,19], leading to unpredictable clock skew between SCLK and CLK0. The clock skew causes the four-phase clock outputs to be offset from SCLK, increasing the bit error rate (BER) at high-speed data transmission. Moreover, this impact becomes more serious as frequency increases, which will greatly limit the system operating frequency; thus, the clock skew should be eliminated.



A classic four-phase digitally controlled delay line (4P-DCDL) is used in four-phase DLLs [20,21] to generate four-phase outputs, which consist of four sub-lines with the same structure and control code. To improve frequency range and phase accuracy, the 4P-DCDL of the four-phase DLL in [16] adopted a configurable structure with an adaptive time-to-digital (TDC)-based controller, which could meet the requirements of ONFI 4.2. However, this circuit does not consider the four-phase offset brought by clock skew in synchronous systems. In [22], the authors proposed a half-delay-line skew-compensation circuit (HDSC) with a phase adjuster (PA), which could shorten the delay line length by half without affecting the locking frequency range. With the advantages of small area and low power consumption, the HDSC architecture is suitable for wide-range applications. However, the PA requires a clock with a 50% duty cycle, which is difficult for the clock system.



A four-phase all-digital DLL with a de-skew circuit is proposed in this paper, which has the advantages of wide frequency range and high precision. The four-phase DLL adopts the configurable delay line and the adaptive TDC-based controller to generate four-phase outputs over a wide frequency range. The embedded de-skew circuit is based on the HDSC architecture with a fall-edge-judgment phase adjuster and a three-stage digitally controlled delay line to precisely align the system input clock and the 0   ∘   output clock. Moreover, a parallel-cascade configuration is proposed, which can solve the variable phase alignment problem due to the switching of de-skew mode and four-phase output generation mode.



This paper is organized as follows. Section 2 describes the architecture of the proposed four-phase all-digital DLL with a de-skew circuit. Section 3 details the implementation of the de-skew circuit and gives the design formulas of the frequency range and phase accuracy. Section 4 presents the proposed parallel-cascade configuration. Section 5 shows the chip micrograph and chip testing results. Finally, Section 6 summarizes this paper.




2. The Proposed Four-Phase All-Digital DLL with De-Skew Circuit Architecture


The entire DLL system has two input clocks and five output clocks, as shown in Figure 1. The input clock SCLK is the reference clock of the DLL system and originates from the key node in the clock tree of the NAND Flash interface system. The input clock CLKI is the delayed signal of SCLK, which is used as the synchronized clock of the DLL system to control the locking process. The output clocks CLK0, CLK90, CLK180, CLK270 and CLK360 are multiphase clocks based on SCLK that provide important data strobe signals DQS for data transmission and offer synchronized clocks for critical modules of the NAND Flash interface.



Figure 1 shows the architecture of the proposed four-phase DLL with a de-skew circuit, which consists of a de-skew circuit, a four-phase circuit, a mirror path and a multiplexer (MUX). The DLL system first works in parallel, which enables both de-skew and four-phase circuits, and then changes to cascade after the four-phase circuit is locked. By making the de-skew and four-phase circuits work in parallel in separate loops until the system is locked, the local power supply network of the DLL system remains stable, thus eliminating the variable phase error caused by mode switching. In addition, the parallel operation helps to reduce the total locking period of the overall circuit. The mirror path replicates the MUX and output buffer on the CLK0 path to produce the mirrored output DCLK0, thus allowing the de-skew circuit to compare phase relationships independently. The MUX is used to control the switching of the parallel-cascade configuration. The signal CLKII is an output of the de-skew circuit and also the input clock of the 4P-DCDL in cascaded mode.



The four-phase circuit consists of a phase detector, a TDC-based delay line controller, an adaptive controller and a 4P-DCDL, as shown in Figure 2. To improve the frequency range and phase accuracy, the four-phase circuit adopts the configurable 4P-DCDL and the adaptive controller [16]. The configurable 4P-DCDL is configured for different delay ranges according to the configuration signal SET. The adaptive controller generates the signal SET by quantizing the frequency of the input clock. After being enabled, the four-phase circuit first measures the frequency of the input clock through the adaptive controller and generates signal SET to configure the 4P-DCDL for the appropriate delay range. Then, the TDC-based delay line controller controls the 4P-DCDL to generate delay between the input and output clocks to make the latter lag from the former by exactly one clock cycle. Finally, the 4P-DCDL outputs the four-phase signals by dividing the clock cycle equally.



Since the adaptive controller needs to reuse the 4P-DCDL, the input clock should go through logic units and buffers before entering the 4P-DCDL, which causes a clock skew (  t  s k e w 1   ) between SCLK and CLK0. Besides the   t  s k e w 1   , there is also a clock skew between SCLK and CLK0 caused by the clock network (  t  s k e w 2   ), as shown in Figure 1.



The de-skew circuit is embedded in the delay path between SCLK and CLK0 to eliminate the   t  s k e w 1    and   t  s k e w 2   , as shown in Figure 1. In parallel mode, the de-skew circuit aligns SCLK and CLK0 by aligning SCLK and DCLK0. To achieve the wide frequency range required by the ONFI protocol, the de-skew circuit in this paper is based on HDSC architecture, which can shorten the delay line without affecting the frequency range, instead of the traditional architecture with a long delay line, which means a large area and high power consumption. The de-skew circuit consists of a phase adjuster, a phase detector, a controller and a delay line. The phase adjuster adjusts the phase of the input clock of the delay line to reduce the delay for skew compensation. The controller changes the number of active units of the delay line to provide the delay for skew compensation, thus aligning the edges of the system clock and the 0   ∘   clock output of the four-phase circuit. Finally, the proposed four-phase DLL with de-skew circuit generates the accurate four-phase outputs based on the system clock.



Furthermore, instead of the traditional serial-cascade configuration, the DLL system adopts the proposed parallel-cascade configuration. The former usually works in sequence, and the power current varies in different operating modes, leading to voltage fluctuations in the supply network. Since the unit delay is susceptible to PVT, the voltage fluctuation eventually causes the alignment error of the de-skew circuit to change. In contrast, the latter has almost no power current variation during mode switching and keeps the supply voltage stable during system locking process. Therefore, the parallel-cascade configuration can effectively solve the alignment error variation caused by power supply integrity and ensure the phase-locked accuracy of the DLL system.



The all-digital four-phase DLL with a de-skew circuit begins working with a one-time trigger when the interface system is powered up. After it is locked, all control codes in the DLL are fixed to provide stable four-phase outputs to other circuits in the interface. If the interface system detects a phase error greater than the threshold, the system will send a reset signal to restart the DLL system to obtain new, accurate four-phase outputs.




3. Critical Circuit Description


3.1. The Specific Structure of the De-Skew Circuit


Figure 3 shows the specific structure of the de-skew circuit, which consists of a fall-edge-judgment phase adjuster (FPA), a three-stage digitally controlled delay line (3S-DCDL), a phase detector (PD), an edge generator (EG), a timing controller (TC) and a delay line controller. The 3S-DCDL consists of three sub-lines cascaded, namely the coarse delay line (CDL), medium delay line (MDL) and fine delay line (FDL). The delay line controller adopts a coarse–medium–fine structure. The CDL delay is controlled by TDC, and the delays of MDL and FDL are controlled by shift registers.



Figure 4 shows the timing diagram of the de-skew circuit. After being enabled, the de-skew circuit operates the adjustment, measurement and synchronization stages sequentially until the loop is locked.



The purpose of the adjustment stage is to reduce the delay for skew compensation (  t  d e - s k e w   ) by adjusting the phase of the input clock of 3S-DCDL. In this stage, the 0   ∘   of SCLK passes through the initial delay path to generate DCLK0, which is fed back to FPA to compare the phase with SCLK. The comparison result determines whether the input clock phase of 3S-DCDL is the 0   ∘   or 180   ∘   of SCLK. Figure 4 shows that   t  d e - s k e w    is reduced by half a cycle when 180   ∘   of SCLK is adopted.



The goal of the measurement stage is to measure and quantify   t  d e - s k e w   , which is the interval between the edges of SCLK and DCLK0. In this stage, EG captures the edge of DCLK0 and the subsequent edge of SCLK as the start and end edges of TDC, which are noted as TDCS (TDC Start) and TDCE (TDC End), respectively, as shown in Figure 4. Then, TDC quantifies the interval between these two edges into coarse code.



In the synchronization stage, the delay line controller gradually achieves alignment by the coarse–medium–fine tuning mode. First, the coarse code is assigned to the CDL. Because of the measurement error of TDC [15], the DCLK0 is ahead of SCLK after coarse tuning, and the coarse tuning error is limited to a coarse unit delay. After that, the circuit adjusts the delay of MDL by the medium tuning controller, and the medium code increases bit by bit to increase the delay until DCLK0 lags slightly behind SCLK. At this moment, a falling edge appears in the comparison result of the phase detector (COMP), and the medium tuning error is limited to a medium unit delay. Finally, the circuit turns on fine tuning and adopts the fine tuning controller to adjust the delay of FDL. The fine code decreases bit by bit to reduce the delay until DCLK0 is slightly ahead of SCLK, and the COMP has a rising edge. At this point, the de-skew circuit completes loop locking, and the alignment error is limited to a fine unit delay.



At extremely wide operating frequencies, the de-skew circuit may face a situation where the clock skew is longer than one clock cycle, as shown in Figure 5. In this case, since the proposed de-skew circuit is an edge-triggered system, the skew will be cut off by the clock edge, producing an equivalent skew (  t  s k e w , e q   ) that is always less than the clock period. This can be expressed as Equation (1):


   t  s k e w , e q   =  t  s k e w   −  ⌊   t  s k e w   T  ⌋  × T < T  



(1)




where   ⌊ ⌋   is the mathematical rounding down symbol, and T is the clock period. As long as the equivalent skew is eliminated, the de-skew circuit can achieve clock alignment, and the   t  d e - s k e w    is determined by T and   t  s k e w , e q   , which can be given by


   t  d e - s k e w   = T −  t  s k e w , e q   < T  



(2)







In theory, any value of clock skew can be eliminated as long as the delay range of the de-skew circuit covers one clock period. This presents a great solution to solve the unpredictable skew in synchronous interfaces.




3.2. The Proposed Fall-Edge-Judgment Phase Adjuster


The traditional HDSC architecture requires a clock duty cycle of 50%, but the clock may be seriously distorted due to the mismatch between the pull-up and pull-down of clock drivers in the transmission path, making the HDSC lose the advantage in shortening the length of the delay line. The proposed fall-edge-judgment phase adjuster is independent of the clock duty cycle and can be easily applied to the HDSC-based de-skew circuit to widen the frequency range. Figure 6 shows the structure and adjustment strategy of FPA, where signal CLKI is the delayed version of SCLK, the signal CLKI’ is the phase-adjusted version of SCLK, and SEL is the judgment signal in the FPA. In the adjustment stage of the de-skew circuit, FPA selects 0   ∘   or 180   ∘   of CLKI for CLKI’ according to the relationship between the falling edge of DCLK0 and the high/low levels of SCLK.



As shown in Figure 6b, when the falling edge of DCLK0 samples the low level of SCLK, the FPA outputs 180   ∘   of CLKI. The new DCLK0 rising edge will appear at the position of the previous falling edge; then,   t  d e - s k e w    rapidly changes from greater than the low-level pulse width of clock (  t  l o w   ) to less than   t  l o w   . This can be expressed as Equation (3):


   t  d e - s k e w   = T −  (  t  s k e w , e q   +  t  h i g h   )  ≤  t  l o w    



(3)




where   t  h i g h    is the high-level pulse width of the clock. Conversely, when the falling edge of DCLK0 falls into the high level of SCLK, FPA outputs the 0   ∘   of CLKI, and   t  d e - s k e w    is less than   t  h i g h   . It can be expressed as Equation (4):


   t  d e - s k e w   = T −  t  s k e w , e q   ≤  t  h i g h    



(4)







Thus,   t  d e - s k e w    is less than max  (  t  h i g h   ,  t  l o w   )   after phase adjustment. At a defined clock frequency with a duty cycle distortion level of x, max  (  t  h i g h   ,  t  l o w   )   is   ( 50 % + x % )   of the clock period, so the delay range of de-skew circuit only needs to cover   ( 50 % + x % ) × T   to ensure locking. If the sampling is based on the rising edge, DCLK0 samples high level and FPA selects 180   ∘   of SCLK in both cases of Figure 6b. Obviously, in the second case, if FPA selects 180   ∘  ,   t  d e - s k e w    will be greater than   t  h i g h   , and the delay line range needs to cover the entire cycle to ensure locking, which indicates that HDSC has lost the advantage in shortening the delay line. The falling edge contains information of the duty cycle distortion, which is the basis of the FPA judgment strategy.



According to the basic principle of the de-skew circuit, the maximum delay of the delay line (  T  D C D L , m a x   ) determines the minimum operation frequency of circuit (  f  m i n   ). Thus, without the phase adjustment stage,   f  m i n    can be expressed as Equation (5):


   f  m i n   =  1   T  D C D L , m a x   +  t  i n t      



(5)




where   t  i n t    is the intrinsic delay of other logic units and buffers in the delay path. With the same length of the delay line, when the phase adjustment stage is added,   f  m i n    is given by


   f  m i n   =   50 % + x %    T  D C D L , m a x   +  t  i n t      



(6)







In summary, with a certain delay line length, the HDSC-based de-skew circuit with a duty-cycle-independent FPA can widen the operating frequency range.




3.3. The Three-Stage Digitally Controlled Delay Line


To achieve the de-skew circuit with a wide frequency range and high phase accuracy, the delay line is designed as a three-level structure, consisting of CDL, MDL and FDL cascaded. Figure 7 shows the structure and unit of sub-lines. The delay units of CDL and MDL are based on NAND gates to save power consumption [23]. To achieve a fine delay, the delay unit of FDL is composed of an inverter and a capacitor. The capacitor is implemented by a transmission gate (TG), which generates a small propagation delay difference by the difference in load effect between its on and off states [24], thus achieving a fine delay. The cascaded inverter in the fine delay unit is used to restore the driving capability of the delay path.



Through the optimized design of the sub-lines to cover the frequency range required by the protocol, the adjustment range of MDL (  T  M D L , m a x   ) should cover the unit delay of CDL (  t  C D U   ) and the adjustment range of the FDL (  T  F D L , m a x   ) should cover the unit delay of MDL (  t  M D U   ), even in the case of PVT variations. The above relationships can be expressed as Equations (7) and (8):


   t  C D U   ≤  T  M D L , m a x   =  N  M D U   ×  t  M D U    



(7)






   t  M D U   ≤  T  F D L , m a x   =  N  F D U   ×  t  F D U    



(8)




where   N  M D U    and   N  F D U    are the unit numbers of MDL and FDL, respectively, and   t  F D U    is the unit delay of FDL.



The maximum delay of 3S-DCDL (  T  D C D L , m a x   ) determines the minimum operating frequency of the de-skew circuit, and the finest unit delay determines the phase accuracy of the de-skew circuit (  T  s t e p   ). Thus,   T  D C D L , m a x    and   T  s t e p    are given by Equations (9) and (10):


      T  D C D L , m a x   =      T  D C D L , i n t   +  N  C D U   ×  t  C D U       



(9)






   T  s t e p   =  t  F D U    



(10)




where   N  C D U    is the unit number of CDL, and   T  D C D L , i n t    is the intrinsic delay of 3S-DCDL. The maximum operating frequency (  f  m a x   ) of the HDSC-based de-skew circuit is limited by the CMOS process, and the minimum operating frequency (  f  m i n   ) is shown in Equation (6). Therefore, on the premise of satisfying Equations (7) and (8), the proposed de-skew circuit can achieve a wider frequency range and higher phase accuracy by optimizing the parameters   N  C D U   ,   t  C D U    and   t  F D U   .





4. The Proposed Parallel-Cascade Configuration


This paper proposes a parallel-cascade configuration to solve the variable phase alignment problem caused by voltage fluctuations during mode switching in the serial-cascade configuration. The configurations of the de-skew circuit and four-phase circuit are shown in Figure 8.



Figure 8a shows the traditional serial-cascade configuration of the DLL system. In this configuration, the system first enables the de-skew circuit for the phase-alignment mode to generate a stable clock output CLKII and then enables the four-phase circuit for the four-phase outputs generation mode. However, a potential problem has been discovered during post-layout simulation: when switching between different modes, this configuration causes a variable phase error related to the clock frequency due to power integrity issues. The root cause of this problem is that during the four-phase output generation mode, a large number of delay units and control units in the four-phase DLL are enabled, and the total system current increases significantly. The obvious increase of the operating current causes a larger IR drop on the supply network, which means that the supply voltage of the delay unit is reduced. Since the gate delay of a delay unit is closely related to the supply voltage, the delay of units in the delay path all change, including the units that generate skew and compensate for skew, thus causing an additional alignment error between SCLK and CLK0. At 25 °C, 1.2 V, tt,   f  c l o c k    = 800 MHz, Figure 9 shows that the average power current of the system is 4.09 mA during the de-skew mode, which increases to 9.58 mA during the four-phase outputs generation mode after switching, which leads to an increase of 40.12 ps in the alignment error between SCLK and CLK0. This phase error varies with the total number of units activated in the four-phase output generation mode at different frequencies, so it cannot be eliminated by only improving the matching of circuit and layout.



To solve this problem, a parallel-cascade configuration is proposed in this paper, as shown in Figure 8b. The DLL system first operates in parallel mode with both de-skew and four-phase circuits enabled and then changes to cascade mode after the four-phase circuit is locked. By working in parallel, the delay and control units required for locking at this frequency are enabled, so the total current of the power supply network remains stable during the loop locking process, thus solving the variable alignment error caused by serial-cascade configurations. As shown in Figure 10, the average power current keeps stable at around 10 mA during the locking process, and the alignment error after locking keeps at 8.12 ps. In addition, another advantage of the parallel-cascade configuration is that it reduces the total locking cycles compared to the serial-cascade configuration by working in parallel.



In order to support the proposed configuration, as shown in Figure 11, a mirror path is added to the input of 4P-DCDL to make the de-skew path and the four-phase path independent of each other, providing a stable input clock to two loops, respectively, which enhances the robustness of the system; a MUX is added to control the mode switching, and the error caused by switching is minimized by matching the path delay of CLK0 and its mirror output DCLK0. In addition, with the feature that the locking cycles of de-skew circuit are larger than that of four-phase circuit, the loop of the de-skew circuit can track the skew during the remaining locking cycles. After the four-phase circuit is locked, its control codes are fixed to maintain the phase relationships between the four-phase clocks. The input clock of the four-phase circuit is then switched from CLKI to CLKII, which is not yet fully de-skewed. Once the de-skew circuit finishes its locking process, CLK0 will be aligned with SCLK. The proposed parallel-cascade configuration can maintain the stability of the local power supply network of the individual DLL system; however, due to the sensitivity of clock circuit to the voltage network, it still needs to be optimized with the multi power supply network to avoid the impact on clock network performance from the activity of high power consumption modules outside the DLL system.




5. The Experimental Results


The proposed four-phase all-digital DLL with a de-skew circuit is fabricated in a 0.13  μ m CMOS process. Considering the frequency range and phase accuracy requirements of the ONFI protocol, this paper chooses    N  C D U   =  N  M D U   = 16   and    N  F D U   = 8  . The micrograph of the test chip is shown in Figure 12 with a core area of 0.072 mm   2  . The testbench and printed circuit board (PCB) are shown in Figure 13. The arbitrary waveform generator (M8190A, Keysight) provided an input clock with a frequency range of 26 MHz to 1.55 GHz for the test chip, and the power supply provided a 3.3 V DC voltage to the PCB, which was converted by the low dropout regulator (LDO) to 1.2 V for the chip. The multi-channel high-frequency signals were captured with the digital signal analyzer (DSAV334A, Keysight).



Figure 14 shows the delay range and unit delay of sub-lines in the de-skew circuit under different PVT conditions, from which three inferences can be drawn. First, the   T  M D L , m a x    can cover the   t  C D U    and the   T  F D L , m a x    can cover the   t  M D U   , even in the case of PVT variations. These relationships are consistent with Equations (7) and (8), which indicates that the de-skew circuit can cover the required frequency range. Second, according to Equation (6), for the case that the duty cycle distortion factor is 10, the delay path length   T  D C D L , m a x    +   t  i n t    cannot be lower than 18.2 ns to meet the ONFI 5.0 requirements for   f  m i n    = 33 MHz. The data show that   T  D C D L , m a x    +   t  i n t    is greater than 18.2 ns under different PVT conditions, so this design can cover the   f  m i n    of 33 MHz. Third, considering the    N  F D U   = 8  , the phase accuracy of the de-skew circuit is    T  s t e p   =  t  F D U   =  T  F D L , m a x   /  N  F D U     = 130 ps/8 ≈ 17 ps.



Figure 15 and Figure 16 show the comparative results of the four-phase DLL without de-skew circuit and four-phase DLL with de-skew circuit, respectively. It can be seen from Figure 15 that CLK90, CLK80, CLK270 and CLK360 are the exact four-phase outputs based on CLK0 instead of SCLK. This is because the unpredictable clock skew exists between CLK0 and SCLK, causing the four-phase outputs to be offset from SCLK. In Figure 16, since the embedded de-skew circuit eliminates clock skew, CLK90, CLK180, CLK270 and CLK360 are the exact four-phase outputs based on SCLK. In addition, with   f  c l o c k    = 1.25 GHz and a 40% duty cycle as shown in Figure 16, the proposed FPA can correctly adjust the clock phase in the case of duty cycle distortion.



Figure 17 and Figure 18 show the chip testing results, where the proposed circuit has an alignment error of 15.51 ps at   f  c l o c k    = 26 MHz with 46.8% duty cycle and 2.42 ps at   f  c l o c k    = 1.55 GHz with 50.9% duty cycle. They also show that the operating frequency ranges from 26 MHz to 1.55 GHz and the typical alignment error is about 17 ps, which fully meets the requirements of the ONFI 5.0 protocol for NAND Flash high-speed interfaces. Moreover, due to the advantages of the high portability and stability of the ADDLL, the circuit easily achieves higher operating frequencies by porting the advanced process to meet the updates of the ONFI protocol.



Table 1 compares the performance of DLLs. It can be seen that the proposed DLL supports both four-phase clock outputs and clock skew elimination and achieves a wide frequency range while maintaining high accuracy and low power consumption, which is suitable for NAND Flash high-speed interfaces.




6. Conclusions


In this paper, a wide-range four-phase all-digital DLL with a de-skew circuit is presented. An HDSC-based de-skew circuit is proposed, which adopts the fall-edge-judgment phase adjuster and the three-stage digitally controlled delay line to accurately align the system clock and the 0   ∘   clock output over a wide frequency range. The proposed parallel-cascade configuration maintains the stability of the voltage network during the whole locking process to solve the variable phase alignment problem caused by the mode switching of the serial-cascade configuration. Fabricated in a 0.13  μ m 1.2 V CMOS process, the test chip achieves an operating frequency range of 26 MHz to 1.55 GHz, a typical alignment error of about 17 ps and a core area of 0.072 mm   2  , which fully meets the requirements of ONFI 5.0.
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Abbreviations


The following abbreviations are used in this manuscript:



	DLL
	Delay-locked loop



	FPA
	Fall-edge-judgment phase adjuster



	3S-DCDL
	Three-stage digitally controlled delay line



	ADDLL
	All digital delay-locked loop



	DDR
	Double data rate



	ONFI
	Open NAND Flash Interface Specification



	NV-DDR
	Non-volatile double data rate



	DQS
	Data strobe signal



	DQ
	Data signal



	PVT
	Process, voltage and temperature



	BER
	Bit error rate



	4P-DCDL
	Four-phase digitally controlled delay line



	PD
	Phase detector



	EG
	Edge generator



	TDC
	Time-to-digital converter



	CDL
	Coarse delay line



	MDL
	Medium delay line



	FDL
	Fine delay line



	TG
	Transmission gate



	PCB
	Printed circuit board



	LDO
	Low dropout regulator
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Figure 1. The proposed four-phase all-digital DLL with de-skew circuit architecture. 
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Figure 2. The specific structure of the four-phase circuit. 
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Figure 3. The specific structure of the de-skew circuit. 
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Figure 4. The timing diagram of the de-skew circuit. 
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Figure 5. The relationship between the real skew and equivalent skew. 
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Figure 6. The structure and adjustment strategy of FPA. (a) Structure; (b) adjustment strategy. 
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Figure 7. The structure and delay unit of sub-lines. (a) CDL and MDL; (b) FDL. 
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Figure 8. The configuration of the de-skew circuit and four-phase circuit. (a) Serial-cascade configuration; (b) parallel-cascade configuration. 
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Figure 9. The power current and alignment error in serial-cascaded configuration. 
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Figure 10. The power current and alignment error in parallel-cascaded configuration. 
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Figure 11. The delay paths of the proposed parallel-cascaded configuration. 
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Figure 12. The test chip micrograph. 
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Figure 13. The testbench of proposed DLL. 
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Figure 14. The delay range and unit delay of sub-lines under different PVT conditions. 
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Figure 15. The locking process of four-phase DLL without de-skew circuit at   f  c l o c k    = 1.25 GHz. 
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Figure 16. The locking process of four-phase DLL with de-skew circuit at   f  c l o c k    = 1.25 GHz. 
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Figure 17. The chip testing results of proposed four-phase DLL with de-skew circuit at   f  c l o c k    = 26 MHz. 
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Figure 18. The chip testing results of proposed four-phase DLL with de-skew circuit at   f  c l o c k    = 1.55 GHz. 
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Table 1. Performance comparison of DLLs.






Table 1. Performance comparison of DLLs.





	Reference
	[25]
	[26]
	[27]
	This Work





	Process(nm)
	180
	130
	90
	130



	  f  m a x    (Hz)
	625 M
	450 M
	2.7 G
	1.55 G



	  f  m i n    (Hz)
	250 M
	80 M
	100 M
	26 M



	  f  m a x   /  f  m i n   
	2.5
	5.6
	27
	59.6



	Alignment error (ps)
	-
	15
	-
	17



	Area (m   2  )
	0.09
	0.08
	0.089
	0.072



	Power (mW@Hz)
	10.8 @625M
	26.0@ 180 M
	49.4 @2.7 G
	18.1 @1.55 G



	Supply (V)
	1.8
	1.5
	1.0
	1.2



	Four-phase outputs
	×
	✓
	✓
	✓



	Eliminate clock skew
	✓
	×
	×
	✓
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
DU/ Nup

DU:Delay Unit
“:Coarse code
M:Medium code

Nrpu

DU |out

.

®)

~
FiFine code





media/file4.png
Phase Detector

v

Delay Line Controller

Adaptive ( TDC-based)
Controller i 5 v
4P-DCDVL (configurable)
CLKI> Logic Delay Line Delay Line Delay Line Delay Line (>
SET .
I I I
skewt 20 CLKO CLK90 CLK180 CLK270 CLK360





media/file30.png
-~ Il /SCLK

SCLK 8

-.25
-l /CLKO s

CLKO ™"
== a5

-25
-l /CLKS0 -

CLK9C§ e g
W /CLK180 ik
CLK1 @“’ 3

-l /CLK270

T
100

775

T
200

L -

Loop locking proces

Locking

time (ns)

@O CLKO is offset from
SCLK and the phase error
1s 137.1ps.

@ CLK90, CLK180,
CLK270, and CLK360 are
the four-phase outputs of
CLKO.





media/file18.png
m Iree/mamoty] MY

Power Current
00 A

00

A (mA)

00

... /—De-skew

movie sk | B
)

SCLK  *
CLKO =

4.09 mA

vanch

| 25°C, 1.2V, tt, fiock = 800 MHz |
9.58 mA

Mode

Four-phase Mode » [.ocking

-
-
-
-
-
-
-
.
-
-

145

146

147

206 207





media/file35.jpg
AP T

ot 1100 G J1ooims |~ [1osone Jor|OMIEenyJDIC) (BT
[Eoomv J(zemv _]@Eoomv J(zimv |@Eoomv Jesemv J@» &)

L,PhaseEl:mt: 282ps| ..






media/file21.jpg
SCLK
e

Clock Phase Phase
Network Detector Detector
n 3
Controfler
Controller (adipive,
TDC hasol)
T
4P-DCDL

(confgursble)

de-skew path four-phase path

%
cascade path: CLKO 180 360





media/file26.png
Arbitrary Waveform Generator
(Keysight M8190A)

. : ‘ i: -
Digital Signal Analyzer
(Keysight DSAV334A)






media/file27.jpg
_1J3n
107n~1.120

T0:Tp=13:0p

Loln.,

1.5n~1.59n

99p-102p

T50p~18.1p

2.25n~2.42n

_29m_

152:2p~160:5p

20.9p<27.2p

f.-40C.1.3V

1,25°C,1.2V

s5,125°C. 1.1V

== TocoLm i

== Tt

Loy

[

PYT





media/file3.jpg
Phase Detector

1

Delay Line Controller
(TDC bl

Adapiive
Controller

CLKID>

Delay Line

Delay Line [l Delay Line

et B3 cLKo CLK90 CLKI80 CLK270 CLK360





media/file22.png
The Four-phase DLL with De-skew Circuit

SCLK De-skew Circuit Four-phase Circuit
° v 3 V]
Clock Phase Phase
Network Detector Detector

I 4
Controller
. Controller (adaptive,
: TDC-based)
a4>.[>[[§ v ¥
“{CLKI Phase Dela Y— CLKII 4P-DCDL
E . Adjuster Line (configurable)
DCLKOi % %( %(t
9?) JJ 2d7JOJJ
de-skew path four-phase path cascade path CLKO 180 360






media/file19.jpg
Faoek = 800 MHZ

Bower Current

10.00 mA 1001 mA

* 4—Four-phase Mode—> Switch to Cascade
De-skew Mod > Locking

3 w e ) i %






media/file7.jpg
Adjustment _Measurement _Synchronization
> %<

»Lock
e

e Coarse Medium

SCLK J__AJ_“J_ :/ fd
DCI K()J_ I-“ '

Sel
TDCS

X

TDCE

13

comp






media/file28.png
de;lfly/ S

42.38n
40n ——®——
30n - %9..'6_61‘1 —®—- T DCDL,max + tint
oon| _ 18490 .
2.5? _ _2.éO_Il_ — &= TMDL,maX
2.25n~2.42n lepu
2.0n _1gln_
LS y43,  1.5n~1.5%
1.0n| 1.07n~1.12n
= 200p
O'2n 130 T~ _‘_TFDL,maX
%3p — ,B _  152.2p~160.5p .
O0.In|  _ 3% _  ~99p=102p
68.9p~71.9p
0.03n
21.9p~27.2p .
0.01n[~TO.Tp=13.0p 15.0p~18.1p

0 - . : >PVT
ff,-40°C,1.3V  tt,25°C,1.2V  ss,125C,1.1V






media/file10.png
SCLK [~ ]

[skew ™

Iskew,eq Ide-skew





media/file33.jpg
Messce i Anye s Demos el

ﬁ-bumm; [a00kots

s Jor

R W ESEHT S |

jo_rmam s}

ﬁ;o&w @0y J(zimw J@poomv e > 8)

hase error: 15.51 ps
w—«_ﬁ At
u SCLE><CLKO J

-

i@l ooms Joos

@@n\

e filock: 26 MFIZ

duty c}g: IR






media/file32.png
W YT("/SCLK")

12255 5 ; E @O CLKO is aligned with
- T (" /SELO") ' \ : ;
SEL 2 % E‘Td::-skew[ @ﬁde-skew% @ SCLK and the phase error
-l VT("/DCLKO" ) 1'255 E § 1S 632ps
DCLKO £ 3,\ ,\ H ,\ ,\’“ ” ~'U|‘
-25
- VT (" /CLKO" ) s
: Luunusure - RR'R'R'A'R
CLKO "3 -U_‘J ® CLK90, CLK180,
S yre s | 1 CLK270, and CLK360
CLK9OS§||H||||||||||~ ||||||||||| ,
25 [_L’_‘ are the four-phase outputs
- YT ("/CLK180" b
CLRIR0E 3,"‘ n ’_l n n n r ~ J—“ ’—1 ’—l r‘ mim ,—‘ [ of SCLK and CLKO.
-25
Il VT{"/CLK270") ol
CLK270% | L WU U=y U U U UL
.25
1.5
"'-(%TILE%OOS 3 ‘ | , l , | ' | A~ _L ’ | , l , | , | , | , ‘ ® FPA works properly
1% and fde-skew decreases
B YT("/LD_D") 7 —~
LOCK 20 3 ~ _' rapidly.
25 4 . ' : . :
30 Loop locklng proccss Ll Locking B





media/file14.png
~~VEDU / NMDU L _
DU [i7] bu [ bu In4| DU |~ DU }-+{ DU |Out

In+
Out—

* -
. . . .
eeeanast R T Ll

-
.
-
=
Rty
e
ALY
-
u
~u
-
-

-
~..
“u
e
-
LY
“u
e
-
e
e
e
-
.
Y
e
-
by
e
e
-,
bt
-,
-

- -
- .
- Y
- -
- -
- .~
Pt -
- .~
- -
-
- e
- -
- -~
i -

DU:Delay Unit
C:Coarse code
M:Medium code F:Fine code






media/file11.jpg
Sample 0, select 180°

Falling
Edge
Generator|

sl JJUILTU

IR e —fdethew
@ ®






media/file6.png
De-skew Circuit

D DCLKO

SCLKD

";i PD |QOMP’

‘ Iskew?2 \

EG

Delay Line Controller

Cont

FPA

CLKI

TDCS,J: Coarse Medium Fine
TDCE,|i Tuning Tuning Tuning
o) =
v O E L |
0% Be Ef3
© =
3S-DCDL
Y. Y
»: CDL —= MDL & FDL
CLKI’

| Iskewl |






media/file36.png
Keysight Infiniium :

File Control Setup Display Trigger Measure/Mark Math Analyze Utilities Demos Help

Friday, December 30, 2022 5:22:48 PM

5:22 PM

@l sl 5199 [5)[40.0 Gsass [1.00 kpts |~} [16.8 GHz |64

|EMmfro6 mv

2 @00 mv/ ]|—24 mvV

|@[200mv/_|[24mv_ |@][200mv/ 656 mv__ |(H) J;l]

S AN KEYSIGHT [T
BDIe) E

.Pha;s.e..Erlror.:... 2N

‘ SEal |edaAn ‘ SEQ 2

218 ps

- -582 ps -182 ps 18 ps 418 ps 618 ps 818 ps
) 200ps/_[17.76 ps ]@0» a
..... 0
was fclock: 1.55 GHz ~ Duty Cy(‘le 50.9% -
Measurements ' G ~ 0
Measurement | Current Mean | Min | Max | Marker |  Horizontal | Vertical | AX 1/8X I A
@ Frequency(l) 1.5404330 GHz 1.5505097 GHz 1.5463530 GHz 1.5665263 W e 424000000 mV =
@ Duty cyde(1) 51.0% 509% 505 % 514% B = 260.000000 mV 634,000¢
® Frequency(3) 15514432 GHz 15507049 GHz 15384319 GHz 155023104°| BB 224000 ps  eoeeoeeeemee -
@ Frequency(2) 1.5527028 GHz 1.5400754 GHz 1.5457984 GHz 15527028 G| N 199800 ps  --------m--em- 2420 ps -41322314 GHz






media/file15.jpg
CLKI[Deshew |CLKIL . [Fourphase] SR DeskewJCLKIL s

Circuit ’1’ Cireuit Cifebit £ Cireuit
— T T
9'0\8'02403})0 90|A02703(‘U

@ ®






nav.xhtml


  electronics-12-01610


  
    		
      electronics-12-01610
    


  




  





media/file16.png
CLKI

De-skew
Circuit

CLKII

(a)

Four-phase
Circuit

1
0 9|O 180270360

CLKI

De-skew
Circuit

CLKII
————o0

(b)

Four-phase
Circuit

1]
0 9|0180 270360






media/file2.png
The Four-phase DLL with De-skew Circuit

SCLK De-skew Circuit Four-phase Circuit
> V¥ —
Clock Phase Phase
Network Detector Detector

J Y
Controller
: Controller (adaptive,
: TDC-based)
a-[>4—[>[[[i y !
“CLKI Phase Delay | CLKII 4P-DCDL
° . —> .
E . Adjuster Line E¥‘ :::\ +—1»| (configurable)
DCLKOz

58 b2
fskew! [ fskew? RRBRRRER mirror path O %0 92700






media/file20.png
| 03 | 25°C, 1.2V, tt, felock = 800 MHz |

Power Current

10.00 mA 10.01 mA
* #—Four-phase Mode—> Switch to Cascade
K De-skew Mode » [Locking

. . - . . v . T . . g - N
Time/ns 100__ 125 e 150 "\

" dx:5.12ps

150

35 ' 50 5






media/file23.jpg
A: De-skew Circuit-
B: Four-phase Circuit
C: Test Circuit |
D: Input Buffers

£ E: Output Buffers

= = "
I 1 O
N I R [






media/file5.jpg
SCLKD-

De-skew Circuit

PD_JCOMEY

TDCS,

EG ITDCE,

Delay Line Controller

{ Medium
{ Tuning

(=

FPA

CLKI

kT

DCLKO





media/file24.png
IHEEEE

A

296 um

A: De-skew Circuit

B: Four-phase Circuit
C: Test Circuit

D: Input Buffers

E: Output Buffers

1y

e 1Y ‘lL L I

0 AR A O A





media/file29.jpg
- | O @ CLKO is offset from
e NN~ it
i piiche

he fourphase ouputs of
a

Ko

ooy

|

3 L

prreh @ cuson cuam,
i M e W A VR A O O v Y

‘Loop locking process- Locking—aim





media/file1.jpg
The. Four-phase DLL. with. De:skew Circui.

g ¥ ¥
e e
Detcir Detetor
T 2
Controller
Controller oduptiv,
)
H i1
Phase | [ Delay CLKIl 4P-DCDL
g [ vine [PEIEC T o

temt fkeve R mirror path o™ gm0





media/file31.jpg
® CLKO s ligned with
o SCLK and the phaseeror
(|

632
@ CLK9, CLKIS0.
CLK270, and CLK360

e the four-phase outputs

® FPA works properly
and s decrezses
1 pidly.

Loop focking p Locking:





media/file25.jpg
Arbitrary Waveform Generator

(Keysight M8190A)






media/file12.png
Sample 0, select 180°

SCLK D OF SCLK Lr L Ll
Falling |
PELRO piee [ DCLKO LI
gc ¢, N SEL P v P,
Generator Q skew.cq fde-skew

I> Sample 1, select 0°
oy L ockrsere | UT LT LT L

CLKI o
DCLKO J<_, |

[ ske‘:w,ezl S~—{de-skew
(a) (b)






media/file9.jpg
SCLK

DCLKO.

fskewieq tderskew





media/file0.png





media/file8.png
Adjustment Measurement Synchronization
> 3% < »[.ock

Coarse Medium Fine

[de-skew






media/file34.png
Keysight Infiniium

: Friday, December 30, 2022 5:43:04 PM

File Control Setup Display Trigger Measure/Mark Math Analyze Utilities Demos Help

iw- 75)(40.0 Gsa/s [4.00 kpts | ~}~[16.8 GHz |64

|GOEm270 mv

5:42 PM
12/30/2022

,w

L

|2oo mvV/ J |-2_4 mvV

|@ 200 mv/ ||-24 mv

|@[200 mv/ |l6s6 mv |(H)» J;l\\

KEYSIGHT

TECHNOLOGIES

»led

=] x

; 776 mV
g ‘ se error: 15.51 ps

.

; > 70 Mz

g___-’ o~
-50.0 ns -200 ns -100 ns 00s 100 ns 200 ns 300 ns 400 ns 50.0 ns 0
@wow 0.0 @.M]
..... (y

wus fclock: 26 MHz  duty cycle 46.8% -
Measurements Markers G v a

Messurement | Current | Mean | Min | Max | Marker |  Horizontal Vertical aX | 1/8X | A
@ Frequency(1) 26.000287 MHz 25.099510 MH:z 25.998202 MHz 26003823 | W @ - - -420.000000 mV
@ Duty cycle(1) 263% 463% 267 % 3% [ B 0 - - 272000000 mV 692.0004
® Frequency(3) 25099080 MHz  25909953MMz  25992273MMz 26003638 NE| B 660.000 fs S
@ Frequency(2) 25.999798 MHz 26.000166 MHz 25.996865 MHz 26.006229 ' | NH 161700 ps = —mmmmmmmemeema- 15510 ps 64.474532 GHz
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