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Abstract: This article describes a dual-controller dual-delay line delay lock loop (DC-DL DLL).
The proposed DLL adopted a dual delay line structure, each delay line was composed of a coarse
adjustment and a fine adjustment unit, and the dual delay lines had corresponding control units to
reduce the mismatch between the delay lines, and it avoided the complicated design of duty cycle
correction (DCC) circuit. A frequency divider was added to divide the input clock to achieve a
wider input clock duty cycle adjustment. Additionally, a simple clock synthesis circuit was proposed
to synthesize the required clock. The DLL design used the 25 nm process with a voltage of 1.2 V.
The simulation results showed that at a working frequency of 1.6 GHz, the peak-to-peak jitter of
the DC-DL DLL after locking was approximately 17.61 ps, the maximum output duty cycle error
was about 1.3%, and the input duty cycle ranged from 20% to 80%, with a power consumption of
10.06 mW.

Keywords: DRAM; DLL; dual delay line; duty cycle; high frequency

1. Introduction

In dynamic random-access memory (DRAM), dual in-line memory modules (DIMMs)
are still used for low cost and high memory capacity. To solve the clock skew problem
associated with the on-chip clock distribution network and the use of DIMMs in the memory
bus, DLL [1-3] and phase-locked loop (PLL) [4-7] are used to generate clock signals in
phase with the external input clock, synchronizing internal data transfer in DRAM with
the external controller clock [8]. DLLs are an important part of modern DRAM technology
because they enable high-speed data transfer rates while ensuring data accuracy and
reliability. Without the DLL, the DRAM data output would be subject to timing errors and
signal jitter, which could lead to data corruption and system instability. Clock and data
alignment are critical during high-speed data transfer. If the clock and data are not properly
aligned, it can result in data corruption and system instability, which is unacceptable for
high-performance computing, communication, and storage systems. In 2020, the Solid-
State Technology Association JEDEC set the data rate of DDR5 at 4.8 Gps—6.4 Gps, with
corresponding external input clock rates of 2.4 GHz-3.2 GHz, making clock stability an
important part of the design. The common clock alignment implementations in DRAM
today are the traditional PLL and DLL implementations. PLL generates phase differences
by feeding the system clock into the PLL circuit and then aligning the clock and data
through feedback control. On the other hand, a delay line-based DLL implementation
achieves alignment by delaying the clock signal by a certain amount of time to generate a
phase difference between the clock and data. Compared to PLLs, DLLs are more widely
used in DRAM design due to their simple design, low power consumption, and small
area. As CMOS technology shrinks, digital delay units can achieve fine delay resolution
with very small jitter and skew. Compared to analog circuits, digital systems are easier to
transfer and scale between processes and are more suitable for use in SoC systems.
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Current research on DLLs for use in DRAM focuses on shortening their lock time
by adding a time-to-digital converter (TDC) [9,10]. The synchronous mirror delay (SMD)
method achieves fast DLL locking by using TDCs [11]. Compared to closed-loop DLLs,
open-loop DLLs have shorter lock times because the SMD only measures phase shift once
and eliminates phase differences in subsequent cycles. However, the open-loop structure
lacks dynamic tracking capability and may lose synchronization after phase tracking [12].
The addition of high-performance digital-to-analog converters (ADCs) increases design
difficulty and inevitably increases power consumption and area. To ensure edge alignment,
DLLs use a closed-loop architecture to track input phase with a small loop bandwidth and
phase comparison logic.

As the frequency of the external clock signal of the DLL increases, the delay line
DLL may cause missing or distorted output clocks. This is because at high speed clock
signals, the delay line is affected by various factors such as signal fading, clock offset, phase
noise, etc. This may cause delay time variation or instability in the delay line, which may
distort or create a missing output clock signal. To solve this problem, some of the following
techniques are commonly used. Using shorter delay lines and higher speed latches reduces
delay time and delay variation in the delay lines to improve the accuracy and stability of
the clock signal. Using a higher level PLL to control the clock signal can eliminate clock
skew and phase noise to provide a more accurate and stable clock signal. Carefully consider
circuit layout and signal integrity during the design process to reduce signal degradation
and noise effects and to ensure that the clock signal is transmitted quickly and consistently
to all components.

The output clock of the feedback DLL used in DRAM is obtained from the external
input clock through the delay line. Due to the closed-loop feedback characteristics, it is
insensitive to PVT and has high robustness. The bang-bang phase detector is a circuit
used for high-speed data transmission that can detect the phase difference between two
signals and output two control signals based on the sign of the phase difference. It can be
equivalent to a simple time-to-digital converter. The bang-bang phase detector (BBPD) has
a simple structure, high sensitivity, and is suitable for high-speed DRAM design. However,
as the frequency increases, the pulse width of the input clock decreases. To achieve low jitter
and high-speed performance, Dongkyun Kim used a phase rotator DLL (PRDLL) combined
with an injection-locked oscillator (ILO) structure. The PRDLL uses phase interpolation to
adjust the clock phase from 0 to 2 7. Since the delay line is short, the cumulative clock jitter
of the PRDLL is less than that of a NAND-based DLL, and the ILO can achieve low jitter [13].
Based on PRDLL, Hyunsu Park aligned the rising edges of the input clock and output
gated clock using on-chip divided sampling clocks and proposed a direct input-output
comparison technique to minimize the use of replica delay lines [14]. However, PRDLL
requires multi-phase input and is usually bound to a DLL. The nonlinearity (INL/DNL) of
the phase interpolator is directly reflected in the output jitter.

In DDR, duty-cycle collector circuit (DCC) modules are commonly used for duty cycle
adjustment [15-20]. Traditional DCC modules have a limited duty cycle adjustment range
and are mostly analog, making them more susceptible to PVT variations. The research on
the duty cycle is mainly focused on improving the DCC adjustment range, and the analog
method is usually used for DCC adjustment. Ji-Hoon Lim [21] added a frequency divider
to the external clock to achieve a 20-80% external input clock. However, it added two gates
to the internal loop to select the external clock and the DCC loop, respectively, and still
retained the DCC adjustment unit, which increased the design complexity, and the analog
DCC is usually greatly affected by PVT, and so, its adjustment accuracy is affected. Jincheol
Sim used bang-bang duty cycle detector (BBDCD) [22], after averaging the delay codes,
the DCC goes into a power-down mode to save the power dissipation, its adjustable duty
cycle is in the range from 37% to 63%. Kyung-Tae Kang proposed DCC, which regulates
the rising edge of the clock by DCDL and the falling edge by phase interpolation; however,
its open-loop structure cannot achieve duty cycle stability [23]. Ching-Che Chung applied
TDC to the duty cycle regulation to achieve fast duty cycle regulation, but the extra TDC
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added inevitably increased the chip area and power consumption [24]. In summary, the
existing DCC design for application in DRAM is complex, the power consumption required
to achieve fast latching is high, and complex timing design is required to achieve a wide
range of duty cycle range inputs.

This paper presents a dual-controller dual-delay line DLL (DC-DL DLL) design for
use in DRAM. The proposed DC-DL DLL structure allows the DLL to operate at higher
frequencies and improves the noise immunity of high frequency clocks. By dividing the
external clock and reducing its frequency within the DLL loop, the design improves noise
immunity. The addition of a frequency divider extends the duty cycle range of the external
clock and achieves a small duty cycle error. The proposed DLL structure is simple and
easy to apply in industrial production. It uses a bang-bang PD instead of a traditional XOR
phase detector and can handle unequal input clock frequencies. The divided clock signals
pass through two delay lines, and their rising edges jointly determine the clock period. The
output signals are combined and multiplied to obtain a complete clock. In Section 2, we
analyze the causes of jitter generation in the DLL structure and propose a simple method
to extend the duty cycle range of the external input clock. In Section 3, the structure of
the proposed DC-DL DLL is described in detail, the effect of the double delay line DLL
mismatch is analyzed, and the structure of each component module is also described in
detail. Section 4 shows the simulation results of the proposed DC-DL DLL.

2. Research Methodology

The output clock DCLK of the DLL was obtained from the external input clock CLK
via the receiver RCV and the delay line DCDL, as shown in the block diagram of the
conventional feedback type architecture DLL in Figure 1.

CLK DCLK
— » DCDL

A Buffer

> CTRL

CLKeg

Y

\ 4

&
<

Buffer

Figure 1. Traditional feedback-based DLL structure.

In the feedback DLL, when the DLL is locked, the rising edge of the DLL output clock
needs to be aligned with the rising edge of the external clock, i.e., the external clock is
delayed by an integer number of T after RCV, DCDL, and Buffer. At this time, the delay
time of each part of the system needs to satisfy Equation (1).

Trev + Taiy1 + Tuffer = N X Tek, (1)

where Trcy is the delay of the RCV, Tyjy is the delay of the delay line, Ty is the clock period
of the external clock, and N is an integer.

At high frequencies, the external input clock pulse is too narrow and easily missed or
distorted after passing through the delay line. Changes in PVT and noise can also cause
DLL output clock loss, resulting in DRAM output data loss. For increasing the operating
frequency of the DLL, an important issue is that as the frequency increases, the pulse width
of the input clock becomes narrower and is highly susceptible to duty cycle distortion in
the circuit, resulting in clock loss.

To solve the problem of pulse loss caused by high frequency and narrow clock pulses,
the external clock can be divided and then synthesized. Therefore, a single control logic
dual delay line DLL (SC-DL DLL) containing a frequency divider was proposed, as shown
in Figure 2.
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Figure 2. SC-DL DLL structure.

The SC-DL DLL consisted of a receiver (RCV), a frequency divider, a controller (CTRL),
two digital control delay lines (DCDLg and DCDL(), a phase detector (PD), a replica
module, and an edge combinator (EC). The external input differential clock pair was input
to a frequency divider after passing through the receiver to generate a pair of differential
clocks CLKpjyg and CLKp;yo with half the frequency of the external clock. The divided
signals were output as DCLKg and DCLKg signals after passing through two delay lines,
respectively. The DCLKg signal was phase-detected with the external input clock CLKy
after passing through the feedback loop to generate control signals. The DCLKg and
DCLKg signals were combined through the combination circuit and then multiplied to
obtain the full frequency clock DCLK. If only one delay line was used, the duty cycle
of the clock will change after passing through the DCDL, making it impossible for the
final generated DCLK to be consistent with CLKt. The purpose of using a dual delay line
structure was to use the adjacent rising edges of the output signals of the two delay lines to
jointly determine the clock period, so that the synthesized signal was consistent with the
external signal and had good jitter performance.

The double delay line jitter analysis of the above DC-DL DLL is shown in Figure 3. The
clocks CLKpjyg and CLKp;y0 after external clock splitting were passed through two delay
lines, respectively, and generated clocks FBCLKg and FBCLKg after REPLICA module,
which were aligned with external clock CLK after DLL locking, respectively. The falling
edges of DCLKg and DCLK(p cannot be used for clock synthesis due to the duty cycle
mismatch of the internal delay module. For this reason, the rising edges of DCLKg and
DCLKp need to be used for clock synthesis in the subsequent EC module.

Doubling

(a) (b)

Figure 3. (a) Output clock of single delay line structure; (b) output clock of dual delay line.

1 1
1 1
1 Frequency 1 FBCLKO
1 1

However, in the actual production process, there was a mismatch between the delay
lines DCDLg and DCDLg. If only the same control signal was used, the divided clocks
FBCLKg and FBCLK( cannot maintain complete consistency after passing through the
delay line, resulting in a change in the output clock frequency, duty cycle, or periodic jitter
after multiplication.

Since the same code was used to control both delay lines, the mismatch between the
two delay lines in practice led to a fixed error in the clock of the second delay line, which
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was not involved in the phase identification, as shown in Figure 4b, where the purple area
was the fixed error from the mismatch of the two delay lines. A®; and A®; are the duty
cycle mismatch present in the delay unit in the DCDL and A®j is the mismatch present
between the two DCDLs.

e JUNULUUUL e JHUULL

FBCLKE J ‘ ‘ ‘ ‘ | FBCLKE ‘

Lo 1 1 I ro; | 1

FBCLKp -I_ J_ FBCLKp -j_j_j_

>
2

FE

.

Figure 4. (a) Output clock of dual delay line in ideal situation; (b) output clock of dual delay line in
actual situation.

3. Principle of DC-DL DLL Structure
3.1. Proposed Structure

The purposed structure is shown in Figure 5. A phase detector was added to the
structure shown in Figure 2 for locking the second delay line. Correspondingly, a second
controller, Ctrlp, was added to generate control signals to control the delay of the delay
line DCDLo.

DCLKg
CLKr > 112 ——CLKpive DCDLg > DCLK
RCVY—> . _J () DCLKo EC [———>
> Divider c " > >
CLKg > LKpivo 1 DCDLo J >

PDE CTRLg

code transmit

\ A A

PDo CTRLg

VY VY

CLKrg

REPLICA

Y S\

Figure 5. Purposed DC-DL DLL structure.

The proposed DC-DL DLL structure shown in Figure 5 was divided into two loops, and
the delays of each loop need to satisfy Equation (1). Since the two loops were controlled by
two controllers, CTRLg and CTRL, respectively, the control signals of the two delay lines,
DCDLg and DCDLg, can be different. At this time, the two loops satisfied Equations (2)
and (3), respectively.

Trev + Taiv + Tayr + Tee =N X Ty, (2)

Trev + Taiv + Tay2 + Tec =M x T, ®3)

where Trcy is the delay of receiver, Tg;y is the delay of divider, Ty is the delay of the delay
line, T is the delay of EC, Tck is the clock period of the external clock, and N and M are
integers. In contrast, the sum of the delay of the replica module and the Muxer in Figure 5
should be equal to Tgc. The addition of a second controller, CTRLo, relieves DCDLg from
following the delay of DCDLE. Since the mismatch of the dual delay lines can be eliminated
by dual-loop locking.



Electronics 2023, 12, 2696

60f11

A detailed flowchart of DLL locking is shown in Figure 6. The locking process of the
DLL was divided into two parts: the locking process of the delay lines DCDLg and DCDLg.
After the DLL was initialized, the counter kept “adding” until the output signal up_present
of the bang-bang phase detector flipped from “1” to “0”, and then, the counter became
“subtracting” until the up_present signal flipped again. At this point, it was considered
that the DCDLE delay line was locked (i.e., the required delay was generated), and then,
the digital filter started to work. At the same time, by passing the code of CTRLE, at this
moment to CTRLg through a latch, the locking of the delay line DCDLq can be accelerated.
When an up edge of up_present_O was detected, it was considered that the delay line
DCDLg was locked, and currently, it was considered that the entire DLL was locked.

—————————————————————
DCDL_O
Initialzation

Counter
step=1

up_futureg I 1 1
|
CounterE< INC anc
]

I pcoLe Lock

up_present
11 1 0.—//— ] 1
11

1

! ! Counterg ! ! I
" R T O
11 1 | | 1 1
peoL_o | JPEDLo LOCK 1

Figure 6. Flowchart of DLL locking.

Since, in practice, the delay error between the two delay lines was fixed and was
unlikely to cause a large error, it did not take much extra time for the second delay line to
lock after transmission through the code.

3.2. Detailed Composition Modules

A block diagram of the phase detector (PD) is presented in Figure 7. Due to the addition
of the frequency divider, the clock signal frequency at the input of the phase detector in the
current structure was different. Therefore, the bang-bang phase detector structure used
can work normally when the input clock frequency was different. The working state of the
bang-bang phase detector was divided into “Pre-charge” and “Compare”.

Since the delay of RCV is difficult to replicate, the proposed DLL structure performed
phase discrimination on CLKt and CLKpg, but the frequencies of these two signals were
different. Therefore, the BBPD used was insensitive to frequency and can work normally
when the input clock frequency is different. The bang-bang phase detector had two working
states: “Pre-charge” and “Compare”. When CLKpp was “0”, BBPD worked in the pre-
charge stage. Points A and B were charged to VDD. MN7 and MN8 were turned on
and their drain ends were set to “0”. When CLKgp changed from “0” to “1”, if CLK >
CLKp (CLKgpp lags CLKrT), the potential at point A was pulled down and through positive
feedback, point A was set to “0”, and point B was set to “1”. This stage was the “Compare”
stage. The function of PD can be regarded as sampling the CLKy with the CLKgg. When
CLKr led CLKgg, up = “1”. When CLKr lagged CLKpp, down = “1”. The function of BBPD
can be regarded as sampling the CLKpp for the CLKt. When the CLKr led the CLKgg,
up = “1”; when the CLKrt lagged the CLKpp, down = “1”.
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Figure 7. Bang-Bang Phase Detector.

A simple block diagram of the delay line is shown in Figure 8. The coarse adjustment
module of the delay line was based on the NAND Cell. By decoding the digital code of
the controller, the corresponding NAND logic gate was controlled to switch. The designed
coarse delay module was divided into two lines, ODD and EVEN, controlled by five-bit
digital signals, respectively. The fine delay module was composed of a phase mixer and
interpolated two signals, CLKg and CLKp, with delay, the designed fine delay module
was controlled by a sixteen-bit digital signal. Phase mixer type fine delay modules were
insensitive to changes in PVT because they work by dividing the delay equally. Its structure
was simple and did not require the multi-phase input clock of PRDLL.

NAND-Based DCDL

Figure 8. The delay line of purposed DLL structure.

Based on the clock timing shown in Figure 4b, the edge combinator (EC) designed
in the article was designed to capture the rising edges of DCLKg and DCLKg clocks, as
shown in Figure 9. Since only the rising edges of the clocks DCLKg and DCLK( after
the delay line DCDL were useful, the proposed EC needed to first perform a frequency
division operation on the DCLKg and DCLKg signals to capture their rising edge signals.
The rising and falling edges of the generated DCLK} clock corresponded to the rising
edges of DCLKg and DCLKp, respectively, and were then combined into a new clock,
DCLKYyy, through a logic gate XOR. After edge synthesis, it was doubled. The periodic jitter
introduced by the trigger must be eliminated by adding a delay in the replica module. In
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addition, traditional frequency doublers were composed of delay units, logic gates, etc.,
used to multiply the reference frequency. However, the output clock of this structure was
easily affected by PVT variables and unregulated supply voltage. The addition of LDO can
improve its performance.

|:: 1 LDO
DCLKe [D——p q— DCLKy
DCLK
IT 4
P
DCLKg D—> q— Tg=1/(4FocLim)

Figure 9. Edge combinator.

4. Results

The proposed DLL chip was designed in the F25 CMOS process. The total power
consumption was 10.06 mW from a supply of 1.2 V at 1.6 GHz, with DCDL being the main
contributor. The results in this paper were all simulated using the Hspice model provided
by the manufacturer, and the simulation software used was Finesim. The accuracy of the
transient simulation was 1 ps, and the plots of the results were drawn with Origin2021. The
proposed DLL structure can still be locked normally when the duty cycle of the external
input clock is only 20%, as shown in Figure 10. The locking of the DLL was not affected by
the duty cycle of the external input clock. The duty cycle of the external input clock was
reduced by the addition of the frequency divider, which reduced the requirements of the
proposed DLL structure.

—— CLK (20% Duty Cycle)

1.2 =

0'6- ‘A}\kh
S i
E 7 —— DCLK (20% Duty Cycle)
© 1.2 -
>

0.6 - k

0 8

Vya
T 77/ T

0.00  0.01 0.35 0.36
Time (ps)

Figure 10. Locking with 20% duty cycle external clock signal.

The simulation results of the current DC-DL DLL with 50% input duty cycle are shown
in Figure 11. After single delay line is locked, if the second delay line is not used for
re-locking, the output clock DCLK will have a peak-to-peak jitter of about 120 ps due
to the mismatch between the delay lines (about 10%). Using the second delay line for
locking can effectively eliminate the mismatch between the two DCDLs. Therefore, the
peak-to-peak jitter of the final output DCLK clock was reduced to 15.29 ps and its duty
cycle was significantly improved and can be maintained between 48.66 and 51.25% after
dual delay line is locked. The total locking time of the two delay lines was about 350 TCK,
and the time required for locking the second delay line was about 110 TCK.
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Figure 11. Proposed DC-DL DLL Performance Simulation: (a) Locking with 50% duty cycle external
clock signal; (b) Jitter after single delay line lock; (c) Jitter after dual delay line lock; (d) Duty cycle
after single delay line lock; (e) Duty cycle after dual delay line lock.

As the duty cycle of the external input clock was altered from 20% to 80%, it can
be observed from the results presented in Figure 12 that the proposed DC-DL DLL was
capable of maintaining normal locking functionality, with the duty cycle of the final output
clock remaining stable between 48.67% and 51.3%. Upon stabilization of the DLL, the
peak-to-peak jitter values of the output clocks corresponding to different duty cycle input
clocks were 15.73 ps, 14.69 ps, 14.91 ps, 15.29 ps, 15.87 ps, 17.61 ps, and 16.78 ps, respectively.
The simulation results showed that the proposed DC-DL DLL structure had excellent jitter
stability in the full input duty cycle range.

Peak to Peak Jitter (ps)
=

—#— Peak to Peak Jitter
Duty Cycle Error

™

Duty Cycle Error (%)

20 30 40

50

60 70 80

Duty Cycle (%)

Figure 12. Edge combinator.

Compared with other designs in Table 1, the proposed DC-DL DLL is simple in design
and achieves a relatively wide duty cycle input range and is advanced in output duty

cycle error.
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Table 1. Comparison with previous works.

This Work VLSI [3] IEEE T CIRCUITS-II [6] ISCAS [22]
Architecture Divider + Dual delay line ADDLL Divider + DCC BBDCD
Supply Voltage 12V 1V 12V 1V
Input Frequency Range 1.6 GHz 0.1-2.7 GHz 1.6 GHz/2 GHz 1-3.2GHz
Input Clock Duty Cycle Range 20-80% N/A 19.9-80.4% 37-63%
MAX Duty Cycle Error 1.3% 1.9% 0.9% 1.5%
RMS/Peak to Peak Jitter —/17.61 ps 0.65 ps/5 ps 2.7 ps/14 ps —/12ps
AREA N/A 0.089 mm? 0.099 mm? 0.001 mm?
Power@F,,,; 10.06 mW 494 mW 6.6 mW 1.92 mW
Technology 25 nm 90 nm 65 nm 28 nm

5. Discussion

A DLL with a wide input duty cycle range was proposed. Compared to the complex
design of DCC modules and the high power consumption of TDC, the proposed DC-DL
DLL structure is simple in design and does not require additional TDC module design to
achieve good duty cycle error in the output clock. The duty cycle range was extended to
20-80% by using a very simple frequency divider structure, whose main constraint was the
speed of flip-flop. The proposed EC structure generated the duty cycle error of the signal
mainly generated by the frequency multiplier, and so, the LDO was added to improve its
performance. Due to the frequency divider and double-loop structure, the proposed DLL
had a wide input signal duty cycle range and a small output duty cycle error.

6. Conclusions

In this paper, we presented DC-DL DLL, implemented in the 25 nm CMOS process.
This DC-DL DLL design enhanced the noise immunity of the DLL and eliminated concerns
regarding mismatches between dual delay lines during the actual production process. The
new second delay line required only 100Ty to achieve lock due to the code-transmit setting
and achieved a maximum peak to peak jitter of 17.61 ps at 1.6 GHz. The addition of the
divider extended the duty cycle range of the external input clock to 20-80%. The maximum
output duty cycle error was about 1.3%,with a power consumption of 10.06 mW. The design
was straightforward and exhibited superior jitter performance. This architecture can be
extensively applied in high-frequency DLL design, and for low-frequency DLLs, the dual
delay lines can also improve jitter performance.
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