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Abstract—3-D systems and chiplets pose a significant challenge
for reliable timing of heterogeneous integrated systems. Delay
locked loops are capable of synchronizing clock signals; however,
the increasing speed of deeply scaled technologies leads to large
and complex delay lines. In this paper, a dual sawtooth-based
delay locked loop is proposed to address the increasing difficulty
of delay generation in high speed 3-D systems. The proposed
architecture lacks a traditional voltage controlled delay line in
favor of differential integrators to generate the target delay. The
architecture is verified using PTM 7 nm models and achieves
locking speeds as low as six cycles for a 1 GHz clock signal.

Index Terms—3-D IC, synchronization, delay locked loop,
through silicon via (TSV), chiplets

I. INTRODUCTION

The individual layers of a three-dimension (3-D)/chiplet
system experience significant variations in process, voltage,
and temperature (PVT) [1]. These variations may result in
timing failures. Phase compensation circuits, such as phase
locked loops (PLLs) and delay locked loops (DLLs), mitigate
the occurrence of these timing failures. DLLs have recently
garnered significant attention due to a shorter locking time,
improved linearity, and the lack of feedback paths within the
DLL [2].

An advantage in synchronizing 3-D integrated systems is the
short feedback path enabled by through silicon vias (TSVs)
[3], [4]. A DLL can be placed above or below the leaf of
a clock tree to synchronize the clock signal to the clock
signal source. This approach supports accurate point-to-point
synchronization between layers. A generalized representation
of a DLL within a 3-D environment is illustrated in Fig. 1.
To fully reap the benefits of point-to-point synchronization,
a distributed approach composed of multiple DLLs spread
throughout the system is proposed to ensure effective timing
at the local level. Delay lines within DLLs, however, require
multiple delay components. These delay components become
faster with technology scaling. The short latency of these
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Fig. 1. Single layer DLL within 3-D system.

components leads to either small delay ranges of the DLL or
an excessive number of delay components.

A DLL architecture that replaces the traditional phase detec-
tor and voltage controlled delay line with sawtooth waveforms
to align the clock edges is proposed here. The proposed DLL
achieves locking times comparable to fast locking DLLs. The
sawtooth DLL periodically aligns the clock signals and is
managed by a central DLL control unit that determines the
periodicity of the alignment. The focus of this paper is on the
sawtooth DLL.

This paper is organized as follows: Background on previous
work on DLLs is provided in Section II. The operating principle
of the DLL is described in section IIl. The circuit topology
of the proposed DLL architecture is described in Section
IV. Simulation results are reviewed in Section V. Certain
conclusions are drawn in Section VI.

II. BACKGROUND

Clock tree topologies for fully synchronous 3-D systems
have previously been explored [5], [6]. However, with the
advent of heterogeneous integration and multi-clock domains,
modular solutions to ensure timing in 3-D/chiplet systems
require renewed exploration.

As noted in section I, phase compensation circuits are
frequently used at the interface between the 3-D/chiplet bound-
aries, as described in [7]. DLLs are a favored candidate
for phase compensation and are generally comprised of the
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following components: a phase detector, charge pump, loop
filter, and voltage controlled delay line [2]. In digital DLLs,
the delay line has multiple tap points that are multiplexed by a
digital code. Speedup techniques to improve the locking time
(successful alignment of the reference and feedback signals)
include successive approximation register (SAR) algorithms
and flash time-to-digital conversion (TDC) [8]-[12]. DLLs
targeting 3-D systems have also been proposed [13], [14].

A primary concern in modern DLLs is the temporal range of
the delay lines. The delay components are typically composed
of NAND gates or inverter cells. In modern technology nodes,
the delay of each cell can be quite small (tens of picoseconds).
This behavior leads to longer delay lines composed of complex
DLL structures to achieve a target delay. A sawtooth waveform
is one method to mitigate these challenges. A single ended
sawtooth-based delay line is proposed in [15]. In this work, a
DLL architecture based on a differential sawtooth waveform to
perform phase detection and delay generation is presented.

III. OPERATING PRINCIPLE

The operating principle of a sawtooth DLL is described
in this section. Assume a reference clock signal with a 50%
duty cycle and period Tj,;0q With an associated sawtooth
waveform. The waveform rises when the clock signal is high
and falls when the clock signal is low, as depicted in the first
two waveforms shown in Fig. 2. After the START signal goes
high, the DLL sources a pulse from the reference clock signal
which propagates through the clock tree. Once the clock signal
arrives at the feedback input of the DLL, the signal is delayed
by the propagation delay Ti.;q, of the clock tree. The sawtooth
DLL maintains the voltage level of the sawtooth waveform
Vorser at the rising edge of the feedback signal.
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Fig. 2. Sawtooth DLL waveforms depicting the ideal timing relationship
between the reference clock signal, DLL output, and feedback clock signal.

The delay inserted by the DLL into the clock path occurs
when the sawtooth waveform crosses V,frsc; in the opposite

direction. This event is indicated as Tf,y¢py¢. This relationship
is described by the following expressions:

Toutput = Tdelay + 2(Tpem'od/2 - Tdelay)
= dperiod — Tdelay7 fO’/‘ Tdelay < Tpe7'iod/27 (1)

Toutput = Tdelay + 2(T’period - Tdelay)
= 2Tperiod - Tdelayv fO?" Tdelay > Tperiod/2~ (2)

Note that the factor of two in (2) occurs when Tiyepqy >
Tperioa/2. An ideal DLL requires an additional cycle when
Taetay > Tperiod/2. After the output signal of the DLL
propagates through the clock tree, CLKy and CLKgg are
aligned. The first occurence of Tpy¢pu: is skipped to avoid
a pulse overlapping between the first and second pulse of
CLKgut. The sawtooth DLL must generate a sawtooth shaped
waveform, maintain the voltage offset, and delay the reference
signal by T,,,¢p:. The circuit architecture and components used
to realize these functions are described in the following section.

IV. CIRCUIT ARCHITECTURE

The architecture and components of the sawtooth DLL used
to realize the behavior outlined in section III are described in
this section. A block diagram of the DLL is shown in Fig. 3.
Two sawtooth waveforms are generated by the DLL. The first
waveform aligns the rising edge, while the second waveform
aligns the falling edge. The pulse generation stages detect when
the sawtooth waveform crosses V, s rqc¢, generating a pulse to
change the output state. The output generation stage changes
the output clock waveform based on the timing characteristics
of the previous stages.
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Fig. 3. Block diagram of the proposed dual sawtooth DLL.

A. Sawtooth generation

A differential integrator is used to generate the sawtooth
waveform [16]. Two capacitors, C7 and Cs, provide robustness
to PVT variations and also allow the circuit to maintain
the voltage offset by terminating the charge and discharge
operation of one of the capacitors when the feedback clock
signal arrives.
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VDD

Fig. 4. Integrator circuit with differential output. When CLKpgp arrives, i.e.,
at Tgeiqy, capacitor Cy is no longer charged or discharged by the integrator,
maintaining the voltage offset.

The signal that controls charging and discharging C}
switches from CLKy to CLKy. This switch maintains the
same timing relationship between the sawtooth waveform and
Vozfser shown in Fig. 2. This switch causes a voltage overshoot
in C7 but returns to the average value of the voltage after
a few cycles. The integrator is shown in Fig. 5a, and the
relevant waveforms are shown in Fig. 5b. Note that STOPnt
transitions high at the rising edge of the first CLKgg pulse,
and the multiplexer switches the input of C7. The integrator
generator responsible for aligning the falling edge has a similar
architecture where STOPyr transitions high at the falling edge
of the first CLKgg pulse.

B. Pulse and output generation

The DLL generates a delayed version of the input clock
based on the timing information provided by the sawtooth
waveform. The pulse generation stage is composed of a pulse
generator and a level detector, which is achieved by a differen-
tial amplifier with C; and Cs at the input. The pulse generator
is composed of an inverter chain and a NAND gate. The pulse
generator provides a pulse with sufficient hold time for the
toggle flip flop. The toggle flip flop is the output generator,
switching between high and low depending upon whether the
flip flop receives a pulse from the rising edge locator or the

falling edge locator. These components are illustrated in Fig.
6.

V. PERFORMANCE OF SAWTOOTH DLL

The proposed DLL is evaluated assuming a 7 nm predictive
technology model (PTM) [17]. A waveform of the relevant
voltage nodes is shown in Fig. 7 for a 1 GHz reference
clock signal and a clock delay Tgeiqy of 300 ps. After the
START signal transitions high, a single pulse from CLKpy
is passed to the output. At the rising edge of the feedback
clock signal, C5 of the RISEgaw waveform stops charging and
discharging. At this moment, the input that charges C; changes
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Fig. 5. Integrator stage, (a) integrator circuit, and (b) sawtooth waveform with
relationship to CLKy and CLKFg.
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Fig. 6. Level detectors for rising and falling edges, pulse generators, and toggle
output stage.
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from CLKy to CLKjy. The RISEtoggie and FALLtogGLE
pulses are, respectively, the output of the rising edge locator
and falling edge locator, as illustrated in Fig. 6. These pulses
are produced when the sawtooth waveforms cross V,;set.
The ready signal indicates when the C; sawtooth waveform
has achieved steady state after the inputs have switched. In
future work, this signal will be produced by the central DLL
control unit which will determine the average cycle time based
on statistical information characterizing the technology and
system. For this work, two cycles are required to stabilize C1.

Note the small pulse at the output generated during the
low-to-high transition of the READY signal. This transition
is caused by the pulse generators between the level detectors
and the toggle output stage. A small pulse is produced upon
waking up from sleep mode.

The skew reduction performance of the sawtooth DLL for
different Tijeiqy is shown in Fig. 8. The DLL successfully
attenuates the skew between the feedback and reference across
a range of delay from 0 ps to 950 ps. Note two exceptions:
at 0 ps (i.e., when Tge 4, is a multiple of T},¢pi04) and at 450
ps (i.e., when Tgejqy is a multiple of Tperioa/2). This failure
in attenuating the skew arises from the sawtooth waveforms
crossing V, ¢ rse¢ near the peak of the waveform. These peaks
oceur at Tperioq (for the O ps case) and at Tperioa/2 (for the
450 ps case). In these cases, the central control DLL determines
whether the sawtooth DLL applies no delay or inverts the
reference clock signal, depending upon which peak is closer
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Fig. 7. Relevant waveforms within the sawtooth DLL for Tgejqy = 400 ps.

The differential nature of the sawtooth DLL offers additional
benefits such as robustness to temperature corners. The DLL
is evaluated at -50°C, 27°C, and 125°C. As shown in Fig. 9a,
the extreme temperature corners affect the amplitude of the
sawtooth waveforms; however, the timing relationship between
Vozfser and the sawtooth waveforms is maintained despite the
wide temperature corners. The feedback signal CLKgg for the
three cases is shown in Fig. 9b. Any difference at the output
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Fig. 8. Attenuation of clock skew due to inital Tqejqy-

due to the temperature corners is barely noticeable. The DLL
exhibits an average power dissipation of 510 uW at -50°C, 613
uW at 27°C, and 991 pW at 125°C.
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Fig. 9. Performance of the sawtooth DLL at extreme temperature corners.

VI. CONCLUSIONS

A differential sawtooth DLL to synchronize 3-D systems
is described in this paper. The DLL aligns a reference signal
to a clock leaf (register) on a separate layer within the 3-D
system. The differential nature of the DLL provides robustness
against temperature corners, an issue of significant concern
in 3-D systems. The proposed sawtooth DLL is intended for
distributed DLL networks where a central control unit provides
relevant timing information, such as how frequently the signals
should align to the DLL. The central control unit and placement
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optimization of the sawtooth DLL will be explored in future
work.
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