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ABSTRACT The requirements for computing with higher energy efficiency in the datacenter and for longer
battery life in laptop computers, cell phones, and other IoT devices while increasing performance with
higher frequency and more cores, drive the needs for more clock generators with increased performance
(frequency and jitter) and lower power budgets. The traditional current mode low swing clock generators
were used widely in industry about 10 years ago. Although it had the advantage of higher supply noise
rejection due to the differential nature of the architectures, however, it had the disadvantages of high-
power consumption, large layout area, and not friendly to process scaling. Contrary to current mode low
swing design, clock generator architectures with CMOS large swing signaling, which have advantages of
low power consumption, small area, and based on circuits friendly to process scaling, have been widely
adopted for clocking generation in the industry since 2009. In this paper, phase locked loops, delay locked
loops, phase interpolators, high resolution digital to time converter and clock distribution techniques with
CMOS large swing signaling will be discussed and reviewed.

INDEX TERMS Delay locked loop, phase locked loop, PLL, DLL, phase interpolator, PI, DTC, clock

distribution, CMOS, clock generators, inductor peaking.

I. INTRODUCTION
UE TO the increasing bandwidth demands of data
centers, multi-core computers, cell phones, and other
IoT devices, energy-efficient high-speed clock generators are
necessary in today’s computing systems. Cost concerns dic-
tate that these clock generator circuits, such as phase locked
loops (PLL), delay locked loop (DLL), phase interpola-
tors (PI), and clock or clock-phases distribution networks,
must meet all performance specifications in standard CMOS
technology without adding additional process cost. Since
analog and mixed signal circuits, including high speed clock
generators, typically constitute ~15% of a computing system
on chip CPU’s die area, their power and area scaling directly
impact the performance and cost. Despite its great eco-
nomic benefits, Moore’s Law logic scaling poses design
challenges for analog circuits. High-performance on-chip
clock generators are essential for high speed I0s which are
growing 2x higher in data rate every 3~4 years, driven by
the exponential need for higher data bandwidth to support
multi-core processing.
Fig. 1 shows a typical block diagram of a high-speed serial
link that employs a forwarded-clock architecture with a DLL

and two-phase interpolators [1]. The input high speed clock
is first amplified by the forwarded-clock amplifier (FCA),
followed by a duty cycle correction (DCC) circuit. After
duty cycle correction, the received clock is fed into a DLL
where 8 phases with equal spacing of 45° are generated.
Based on these phases, the phase interpolator generates a
sampling clock with a fine step size of T/(8*N), where T
is clock period and N is the number of clock phases from
the fine-tuning phase interpolator and is equal to 8 if the
phase interpolator digital control bit is 3. The bit error rate
tester (BERT) was designed to perform on-die testing in the
loop-back mode. For a low power transceiver design, it is
required that the DLL and the phase interpolators consume as
little power as possible. Phase interpolators, or digital to time
converters, are also commonly used in the clock data recov-
ery (CDR) circuit of the high speed SerDes where, unlike the
forwarded-clock architecture, the receiver sampling clock is
derived from the incoming data stream.

Fig. 2 shows the block diagram of the DLL used in
the receiver clock path of the high-speed IOs in the Intel
Core™ micro-architecture (Nehalem) fabricated in 45-nm
high-k metal-gate process technology [2]. The delay cells are
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FIGURE 1. Block diagram of a high-speed transceiver using delay locked loop and
phase interpolators.

i

C i SBDLL

PD + CP + Bias Gen + Startup
refclk fbelk

lbi“ T

ck dit di2 dis  ndi9
B A di3 di4 dis f
S— 1 > : S
ckb

dilb di2b di3b di4b

| TAL[

(i

K

9

Time
Averaging

I
ol

| TAL [

g

ck180 ck90| [ck27
ck45 ck225 ck135 ck315

FIGURE 2. Delay locked loop with differential delay buffer stages.

built with the current mode differential circuit stage shown
in Fig. 3. The phase interpolator (not shown in the figure)
was also designed with the differential delay cell in Fig. 3.

These traditional current mode low swing clock circuits
were widely used in phase locked loops [3]-[4], delay locked
loops [2], [4]-[7], clock-data-recovery (CDR) and phase
interpolators [8]-[11] until about 10 years ago. Although
they had the advantage of higher power supply noise rejec-
tion due to the differential nature of the design, they had
the disadvantages of high-power consumption, large layout
area, and being not friendly to process scaling. Their high-
power consumption is because the differential delay cell is
basically a differential pair with an NMOS current source
and PMOS loads, with DC current bias. Also, when the low-
swing differential signals in the delay chains are converted
back to full swing CMOS signals for clock distribution,
another differential amplification stage is required for the
clock output. The poor jitter performance from a self-biased
PLL is the result of noise (flicker and thermal) contributions
from the current sources. VCOs with differential delay cells
also produce duty cycle error due to differential pair offset
and output level shifter distortion. To satisfy the requirement
for 50% clock duty cycle, either a duty cycle correction cir-
cuit (DCC) block is required, or a divided by 2 in frequency
must be performed. In the case of the latter the differential
VCO must run at 2x frequency at all process, voltage, and
temperature (PVT) conditions, which further increases power
consumption and is difficult to design due to transistor high
frequency performance limitations.
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FIGURE 3. Differential delay buffer stage used in the self-bias PLLs and DLLs.

Fig. 3 shows the differential delay stage commonly used
in the self-biased PLLs and DLLs since early 1990’s [2]-[7],
which consists of an NMOS differential pair, an NMOS cur-
rent source, and linearized PMOS load devices. In addition
to high power consumption due to DC bias current, it has
larger jitter amplification due to lower signal swing and inter-
symbol interference. As CMOS process scaling continues,
the output impedance of the transistor in saturation decreases
due to the short channel effect, and noise coupled to node
nx (as shown in figure 3) causes current to change in short
channel devices, modulating the delay of the stage, and caus-
ing deterministic jitter. Although FinFET process technology
improves device output impedance significantly [12], how-
ever, as scaling trend continues, the device output impedance
degrades from generation to generation.

To address disadvantages of the PLL, DLL and PI circuits
that use low swing current mode logic (CML), PLL and DLL
designs using locally regulated power supply CMOS buffers
were published [13]. The matched current DLL (MC-DLL)
and matched current PI (MC-PI) with CMOS large signal
swing was first proposed and designed in 45 nm and 32 nm
CMOS process technology [1]. To facilitate technology area
scaling of the clocking circuits in high volume micropro-
cessor products in standard CMOS process technology, all
critical analog DLL and PI blocks utilize only minimum
channel length transistors, leveraging their speed and the
process technology scaling. Since then, several other phase
interpolators employing CMOS large supply swing signal-
ing were published [14]-[18] for use in high speed IOs,
multiplying delay locked loops (MDLL), and digital to time
converter (DTC) circuits.

In this paper, the clocking circuit designs with CMOS
large swing signaling will be discussed and reviewed.
Section II discusses the low power delay locked loops and
frequency locked loops using CMOS large signal swing
circuits. Their area and power scaling are compared with
corresponding designs with small swing CML signaling.
Section III describes the low power phase interpolator
design using CMOS large signal swing circuits; Section IV
reviews the high-resolution digital to time converter with
improved CMOS phase interpolator; Section V reviews the
recent development in CMOS clocking for 224Gbps SerDes
applications. The conclusions are given in Section VI
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FIGURE 4. Block diagram of the delay locked loop with CMOS signal swing.

Il. DELAY LOCKED LOOP AND PHASE LOCKED LOOP
WITH CMOS SIGNALING
A. DELAY LOCKED LOOP
In a “forwarded” clock based serial IO link, the typical clock-
ing circuitry for receiver (RX) block is mainly implemented
with a DLL and two PIs. The DLL generates 4 or 8 uniformly
spaced phases across a full clock period and sends them to
PIs. The PI interpolates the adjacent delays/phases further to
time the sampling clock phase precisely. In the past, many
DLL and PI designs have been proposed to aim at high-speed
data transmissions. However, these designs either consumed
high power or occupied a large silicon area. Further, some
designs are not suitable for process scaling because they are
vulnerable to device threshold voltage variation or low output
impedance due to short channel effect. For example, a low
swing CML-based delay cell is vulnerable to the V, variation
in the input differential pair because the V; variations cause
an undesired input offset in the differential MOSFET pairs.
To achieve high speed, low power, low jitter and small
area, a full-swing matched-current delay locked loop (MC-
DLL) and a full-swing matched-current phase interpolator
(MC-P]) for the receiver clocking circuitry were proposed
and designed in both a 45 nm and a 32 nm CMOS process
technology. The block diagram of the MC-DLL is shown in
Fig. 4. It consists of a startup circuit (not shown in the figure),
a phase detector, a charge pump, a loop filter and 9 delay
cells. The startup circuit initializes the loop after the proper
timing sequence to avoid harmonic-locking. Each delay cell
generates a 45° phase shift. The first delay cell output (0°
phase) and the final delay cell output (360° phase) are routed
to the phase detector to extract the phase difference and then
to adjust charging (up) and discharging (dn) currents from
the charge pump to the loop filter so that the loop filter
can generate the proper control voltage, nbias. The control
voltage nbias then is sent to a bias generator as shown in
Fig. 5 to generate a corresponding control voltage pbias
for the PMOS voltage to current converter devices. This
pbias works together with the nbias to match the pull-up
and pull-down currents in the replica of a half delay cell.
Finally, the same nbias and pbias voltages for the replica are
routed to control all the delay cells in the delay cell block.
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Theoretically, the pull-up and pull-down currents for all the
delay cells will be equal as well.

The unit delay cell in Fig. 4 is shown in Fig. 5. A matched
current buffer, which consists of two matched current invert-
ers, is used as the delay cell. This matched-current delay cell
maintains the CMOS supply voltage full-swing signal. This
full-swing CMOS level signaling enables the delay cell to
consume low power even when operating at 5 GHz and it
is less sensitive to the V, variations in the delay cells. In
addition, the fast rising/falling edges of the full swing clock
edges make the signal less sensitive to the MOSFET tran-
sistor’s noise and other environmental interference as the
signal propagates. Moreover, the pbias of all delay cells
is AC coupled to the supply voltage to achieve good PSRR
(power supply rejection ratio). Besides, the stacked-transistor
current control devices in the delay cells can improve the
output impedance which helps the delay cell to be less sen-
sitive to the power supply noise. Depending on the noise in
the power supply, and the deterministic jitter specification, a
linear voltage regulator may be needed in some applications
where the power supply noise is high.

As mentioned, the pull-up and pull-down currents of the
delay cells are matched. This current match makes the slew
rates for the rising edges and falling edges identical. Therefore,
no duty cycle error is introduced in the delay cell circuit
block. Also, the number of transistors in the current control
devices are controlled by a 2-bit binary decoder (not shown
in Fig. 5) which can increase the driving current level of the
delay cells so that MC-DLL frequency range can be extended.
In the 32 nm design, MC-DLL can operate from 1.25 GHz
to 5 GHz across process, temperature, and supply voltage
corners. In this MC-DLL design, a structure like the phase-
only-detector [13] is employed as the phase detector. The
self-biased concept [4] is also adopted to make the charge
pump current proportional to the driving current of the delay
cells so that the DLL bandwidth tracks operating frequency.

The MC-DLL was first implemented in 45 nm and 32 nm
high-k and metal gate CMOS technology, and demonstrated
to work at 5 GHz with the power consumption of only 6 mW,
a 5x reduction relative to a reference design with the current
mode low voltage swing DLL. Fig. 6 shows the measured
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FIGURE 6. Measured MC-DLL output waveforms (0, 45, 90, and 135 degree) at 5GHz
operation frequency.

output clock waves at 5 GHz operation from 32 nm test
chip, where only 4 phases are shown. The waveforms are
not square due to the large loading from the measurement
setup. The measured maximum phase error from the ideal
phase positions for the MC-DLL is only 2.59 ps. The worst
measured RMS jitter from MC-DLL outputs is 1.29 ps. It
should be mentioned that the RMS jitter of the forwarded
clock amplifier (FCA) which drives the MC-DLL is about
1.24 ps. Therefore, the jitter amplification (added jitter) for
the MC-DLL is less than 4%. The layout area for the MC-
DLL is 65 um x 120 um in the 32 nm CMOS process
technology, which is ~50% smaller than the reference design
with current mode low voltage swing circuits.

B. PHASE LOCKED LOOP

As industry has been moving toward high performance and
low power chip design, it has become necessary to use
PLLs that operate at multi-GHz frequencies with a precisely
50% duty cycle while consuming the minimum amount of
power. The self-biased PLL [4] cannot meet the product
requirements such as a precisely 50% duty cycle, low power
consumption, low jitter performance and small layout area.
Higher power consumption from the self-biased differential
PLL is caused by the fact that the delay cells require a DC
bias current. It had become increasingly difficult to design
self-biased PLLs and DLLs with sub-1V supply voltage
as process technology scaling continued, driven by digital
circuit performance improvement, area scaling and power
consumption reduction.

A low power phase locked loop was designed in 45nm
CMOS process technology [19] by adopting the matched
current delay cells described in Section II-A. One of the
most important advantages is that the output clock duty
cycle is 50%, so duty cycle correction is not needed com-
pared with other types of PLL design. Fig. 7 shows the
schematic of the matched current VCO (MC-VCO). Five
matched current inverters are connected into a ring oscilla-
tor. The delay from matched current inverter is controlled
by nbias and pbiaso, where nbias is generated from phase
frequency detector, charge pump, and low pass filter. Pbiaso
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FIGURE 8. Block diagram of the PLL with matched current delay cells.

is generated from the feedback loop with a replica delay
cell. Since the reference voltage to the differential ampli-
fier is set at Vcc/2, the feedback loop adjusts the pbiaso to
make sure the pull-up current matches the pull-down current
across process, supply voltage, and temperature variations.
This enables the clock rising time to be the same as its falling
time, and therefore 50% duty cycle is obtained. Pbiaso is
coupled to power supply Vcc to achieve noise canceling
(Vgs = Vg-Vcc), which is required to achieve high power
supply noise rejection (PSRR). The number of delay cells
in the VCO ring can also be 3 or 7, depending on the
frequency requirements. Depending on the process technol-
ogy and operating frequency range, the current control device
sizes used in the VCO can be digitally tuned. To achieve high
power supply noise rejection and low power consumption,
the current control devices should use long channel length
transistors while the switching devices should use minimum
channel length transistors. In the process technology where
long channel transistors are not available, stacked transistors
can be used to approximate the performance of long channel
transistors. The differential amplifier DC gain can be from
10 to 20, its compensation capacitance C1, which is also
used to reject supply noise, is chosen to provide a phase
margin of more than 45 degrees, which requires a value
of 1~2 pF.

Fig. 8 shows a simplified block diagram of the low power
PLL based on the proposed matched current VCO. The phase
frequency detector (PFD) and charge pump (CP) are like
the design used in [20], [21]. The low pass filter is a sim-
ple RC filter with a shunt capacitor. The input reference
clock (Refclk) comes from the external reference clock’s on-
die receiver. The rising edge of the feedback clock (Fbclk)
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FIGURE 9. Lock acquisition of the proposed low power PLL at 3.2GHz frequency.

from the VCO (after being divided by N) and the rising
edge of Refclk are compared at the phase frequency detec-
tor (PFD). When the Refclk is ahead of Fbclk, UP will go
high and nbias is raised; the delay from each delay stage
is decreased and the VCO frequency is therefore increased.
Alternatively, when the Fbclk is ahead of Refclk, DN will go
high and nbias is lowered; the delay from each delay stage
is increased and the VCO frequency is therefore decreased.
Finally, the system reaches a steady state where the rising
edge of Refclk and the rising edge of Fbclk are aligned,
and the PLL is locked. Fig. 9 shows the simulated lock
acquisition of the proposed low power PLL. The lock time
is less than 100ns for a VCO frequency of 3.2 GHz (ref-
erence frequency is 200 MHz), which is 5 to 10x faster
than the self-biased PLL under the same operating condi-
tions. Fig. 10 shows the output clock waveforms of the
VCO. When simulated at typical process corner, 110 °C
and 1.1 V supply; the duty cycle is 50.05%. At fast pro-
cess corner, —10 °C and 1.15 V, the simulated duty cycle
is 50.11%. At slow process corner, 110 °C and 1.0 V, the
simulated duty cycle is 49.82%. The simulated duty cycle
error is within +/—0.18%, demonstrating the effectiveness
of the proposed architecture. The simulated average supply
current of the matched current phase locked loop is 3 mA (or
3.3 mW), ~7x lower than a reference design with self-bias
PLL architecture.

lll. PHASE INTERPOLATOR WITH CMOS SIGNALING
The phase interpolator generates a precise clock waveform
between two input clock waveforms. For example, while the
DLL generates 8 clock phases, 0°, 45°, 90°, 135°, 180°,
225°, 270°, and 315°, the PI generates 8 phases between
any two adjacent phases, such as 0° and 45°, as shown in
Fig. 11. The delay of the output waveform relative to the
input clock waveforms is determined by a digital control
code which normally is either 2 or 3 bits but can be up
to 7 bits in some applications where finer delay steps are
required [15].

Fig. 12 shows the phase interpolator architecture. The
phase interpolator consists of a 3-bit thermometer decoder, a
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FIGURE 11. waveforms of phase interpolator with a 3-bit digital control code.

2-bit decoder (not shown in figure 12), two 4-to-1 MUXs and
a PI mixer. The 2-bit decoder controls the two 4-to-1 MUXs
to pick up two adjacent phases from the 8 phases generated
by the DLL. The selected adjacent phases are sent to the
mixer. The 3-bit thermometer decoder converts a 3-bit binary
code into an 8-bit thermometer code, which control each of
the eight 2-to-1 MUXs inside the PI mixer. Consequently, the
output clock phase will be an interpolated result of the two
input phases based on the digital input to the thermometer
decoder. For a mixer with a 3-bit control code, the phase
interpolator will interpolate the two input phases to generate
8 discrete phases between the two input phases. So as the
phase interpolator works together with the MC-DLL, a total
of 64 discrete phase steps across a clock cycle are generated.
At the clock frequency of 5 GHz, the phase step from the
phase interpolator is 200/64 = 3.125 ps or 5.625°. At 6 GHz
operation frequency, the corresponding phase step is 2.60 ps
or 5.625°.

For the phase interpolator design, the mixer is the most
important block in realizing all the interpolated clock phases
to be linear. To improve the phase linearity, the design uses
a weighted thermometer coded design architecture. In the
mixer block, eight 2-to-1 MUXs together with 8 matched
current inverter cells (MC-cell) generate a current-mixing
output from the two input phases. The resultant clock phase
from the mixer output depends on how much weighting is
given to the two input phases individually. The matched
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FIGURE 12. Block diagram of the matched current phase interpolator (MC-PI).

current inverter cell is also shown in Fig. 12, which is half
of the matched current delay cell used in MC-DLL. Each
matched current inverter in the mixer is properly sized to
optimize the overall linearity. To explain the operation of the
phase interpolator, take an example of interpolation between
phase 0° and phase 45°. When thm<7:0> are all O (or 1),
a =1 (or 0) and B = 0 (or 1) in the left plot of Fig. 11, the
eight 2-to-1 MUXs all select the 0° phase (or 45° phase), the
resulting output of the phase interpolator is corresponding
to input phase 0° (or 45°). When thm<7:0>= 00000001,
a=7/8, B =1/8, the first 2-to-1 MUX selects input phase
45°, while other seven 2-to-1 MUXSs still select input phase
0°, as a result, the phase interpolator output is delayed by
one LSB (which is 3.125 ps for 5 GHz clock) relative to the
output phase with thm<7:0>= 00000000. As thm<7:0>
increases to 00000011, the first two 2-to-1 MUXs select
input phase 45° while other six 2-to-1 MUXs still select
input phase 0°, and the resulting output phase is delayed by
two LSB relative to thm<7:0>= 00000000. This process
continues until thm<7:0>= 11111111. The nbias and pbias
are generated from the MC-DLL shown in Fig. 4, which
compensates for PVT (process, voltage, and temperature)
skew variations and achieves good linearity across PVT cor-
ners. In the applications where the DLL is not present, pbias
and nbias inputs can be connected to ground and Vcc respec-
tively, or the PMOS and NMOS current control devices can
be removed.

Fig. 13 shows the output phase vs. code for the matched
current DLL-PI design; the worst-case DNL is less than
1.2 ps (0.46 LSB) at 6 GHz operation. This matched current
DLL and PI circuit enabled the first 12 Gb/s transceiver
design in 32 nm CMOS process technology [1].

IV. HIGH PRECISION DIGITAL TO TIME CONVERTER

Digital to time converters (DTCs) are widely used in clock-
and-data recovery (CDR) circuits, fractional-N PLLs, and
MDLLs [17]. They consist of coarse tuning and fine tuning
controls, where the coarse tuning is accomplished by a delay
locked loop, a multi-phase VCO, or a divider, the fine tuning
is done by a phase interpolator which is controlled by a 2 to
7-bit binary digital code. An 11-bit DTC with a resolution of
244 fs resolution was reported in [15], the circuit architecture
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FIGURE 14. The 11-bit digital to time converter from reference [15].

is shown in Fig. 14. The PLL generates differential phases
of clock waveforms (VCOp and VCOn) at 8 GHz, the multi-
modulus divider (MMD) divides the 8 GHz clock down to
2 GHz, and outputs two 2 GHz clock phases with a phase
difference of 62.5 ps (MMDgy1 and MMDgyr2). This phase
difference is further cut by half to 31.25 ps at MUX+DEL
stage, resulting an input phase difference of 31.25 ps at the
input of the phase interpolator. With the 4-bit digital control,
the MMD and MUX is able to cover the full 27 range of the
2 GHz clock at MMDyyt1/0ur2 OVver the code, with 16 pairs
of clock waveforms with a phase difference of 31.25 ps.

The phase interpolator architecture is shown in Fig. 15,
where 244 fs resolution is achieved with 7 binary digital
control bits. To achieve monotonicity, thermometer coding
of 128 interpolator cells is used. These 128 interpolator unit
cells are arranged in an 8x16 array, all of them have input
signals (MUX,,; and DELyy), and their outputs are con-
nected to the common node Viy:. The detailed schematic of
the interpolator cell is shown in Fig. 16(a), it consists of two
tri-state inverters, one for the first input clock phase (Inp),
and one for the second input clock phase (Inp). One of the
modifications from [1] is that, in this design, only pull-up
branch can be turned on when input clock goes from Vpp
to GND, and only pull-down branch can be turned on when
input clock goes from GND to Vpp. In this way, any con-
ducting path from Vpp to GND is avoided, which helps to
improve the linearity of the phase interpolator.
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FIGURE 16. (a) active interpolation cell, (b) retention cell, in the array of
high-resolution phase interpolator.

When all the bits in the 7-bit code are O, the tri-state inverter
with In; as the input in all 128 interpolator cells is turned on,
the tri-state inverter with input In; in all 128 interpolator cells
is turned off, which results in the interpolator output clock
corresponding to In; phase. In the case when the tri-state
inverter with input In; is turned off and the tri-state inverter
with input corresponding In; is turned on for interpolator cells
from 1 to1, the output clock corresponding to the i interpolator
phase is generated. Since the output of the phase interpolator
Vine is floating between phase pull-up and pull-down time,
16 retention cells are inserted to maintain the voltage level.
The retention cell schematic is shown in figure 16 (b).

The proposed 11-bit DTC was implemented in standard
28 nm CMOS process technology with area of 0.009 mm?
and measured power consumption of 19.8 mW. The design
covers the 2w range of a 2 GHz clock with a resolution
of 244 fs. Linearity measurement data show a peak INL of
1.2 ps, in agreement with simulation. A similar phase inter-
polator architecture was adopted in the fractional-N MDLL
design [17] in 22nm FinFET CMOS process technology.

V. HIGH SPEED CMOS CLOCK CIRCUITS FOR SERDES
CMOS clock buffers have been used extensively for high-
speed clock distribution in microprocessors and continues
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to be used for high speed Serdes PHY with the help of
inductor peaking, such as the recently reported 224 Gbps
Serdes PHY in a 10 nm FinFET [22] process. Although
CML like clock distribution was also used in some recent
publications [23]-[24], it needs to be converted to CMOS
level swing to drive TX circuits. The amplification of low-
swing clocks at very high frequency to full-swing CMOS is
costly in term of power, and it increases jitter and design
complexity. CMOS clocking circuits have the advantages
of low jitter amplification, and low power consumption.
Figure 17 shows the clock distribution network that sup-
ports two distinct modes: a full-rate 28 GHz clock frequency
mode and divided clock frequency (div-2/4/8/16) mode for
lower speed operations. In divided down clock frequency
mode, quadrature clocks are generated with programmable
I/Q dividers. Having separate clock modes avoids the need
for large tuning ranges in the 28 GHz quadrature delay line
and duty cycle correction.

In full-rate 28 GHz clock frequency mode, a digitally
tuned LC-based delay line generates quadrature clocks from
the 28 GHz differential clock generated with a digital LC-
PLL [25]. An AC-coupled inverter with resistive feedback
and a voltage DAC performs the duty cycle correction. To
distribute a low jitter 28 GHz clock, four inductively peaked
CMOS buffer stages, S1~S4 as shown in Figure 17, are
designed. Shunt-series peaking in S1, S2 and S3 provides
jitter filtering, and reduced power supply noise. To support
a wide frequency range and reduce area, compact low-Q
inductors are used. The last stage (S4) uses series-shunt
peaking because it consumes 20% less power at the expense
of a larger inductor.

Figure 18 shows the simulated jitter amplification and
power comparison from i) CMOS buffer, ii) CMOS buffer
with series-shunt inductors, and iii) CMOS buffer with shunt-
series inductor [22]. The CMOS buffers with shunt-series
and series-shunt inductors have a jitter amplification of 0.8,
while CMOS buffers have a jitter amplification of 1.45 at
28 GHz clock frequency. The lower jitter amplification (jitter
attenuation) from CMOS buffers with inductor peaking can
be explained as follows. The presence of a zero in the transfer
functions of the CMOS buffers with inductor peaking creates
a bandpass characteristic, which attenuates high-frequency
random jitter caused by device noise in the clock buffers
and reduces the integrated voltage noise at the output. At
the same time, a sharper slope at the transition point reduces
the conversion of intrinsic buffer voltage noise into timing
jitter noise. This is a key advantage over conventional CMOS
and CML clock buffers which tend to amplify high frequency
jitter.

VI. CONCLUSION

The clock generator circuits, such as phase locked loop, delay
locked loop, phase interpolator, digital to time converter, and
high-speed clock distribution employing CMOS full supply
swing signaling are reviewed in this paper. Compared with
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[4]

(51

(6]

(71

(8]

current mode low swing designs, CMOS full-swing level sig-

naling circuits consume much lower supply current, achieve

(91

smaller layout area and are more friendly toward continued
process scaling. These techniques have been used in low

power PLLs, DLLs, PIs, DTC design with 244 fs resolution,

[10]

and in a 28 GHz clock distribution scheme that enabled a
224 Gb/s Serdes PHY in 10 nm FinFET process technology.

ACKNOWLEDGMENT

The authors would like to thank Jason Liao for silicon data

[11]

[12]

collection of delay lock loop and phase interpolator designed

in 45nm and 32nm CMOS process nodes.

REFERENCES

(1]
Symp. VLSI Circuits, Jun. 2009, pp. 52-53.

VOLUME 1, 2021

[13]

[14]

S. Joshi et al., “A 12-Gb/s transceiver in 32-nm bulk CMOS,” in Proc.

N. Kurd, P. Mosalikanti, M. Neidengard, J. Douglas, and R. Kumar,
“Next generation Intel Core micro-architecture (Nehalem) clocking,”
IEEE J. Solid-State Circuits, vol. 44, no. 4, pp. 1121-1129, Apr. 2009.
I. A. Young, J. K. Greason, and K. L. Wong, “A PLL clock generator
with 5 to 110MHz lock range for microprocessors,” IEEE J. Solid-State
Circuits, vol. 27, no. 11, pp. 1599-1607, Nov. 1992.

J. G. Maneatis, “Low-jitter process-independent DLL and PLL based
on self-biased techniques,” IEEE J. Solid-State Circuits, vol. 31,
no. 11, pp. 1723-1732, Nov. 1996.

J. Sonntag and R. Leonowich, “A monolithic CMOS 10 MHz DPLL
for burst-mode data retiming,” in [EEE ISSCC Dig. Tech. Papers,
1990, pp. 194-195.

T. H. Lee, K. S. Donnelly, J. T. C. Ho, J. Zerbe, M. G. Johnson,
and T. Ishikawa, “A 2.5 V CMOS delay-locked loop for 18 Mbit,
500 megabyte/s DRAM,” IEEE J. Solid-State Circuits, vol. 29, no. 12,
pp. 1491-1496, Dec. 1994.

S. Sidiropoulos and M. A. Horowitz, “A semidigital dual delay-locked
loop,” IEEE J. Solid-State Circuits, vol. 32, no. 11, pp. 1683-1692,
Nov. 1997.

J. F. Bulzacchelli et al., “A 10 Gb/s 5-tap DFE/4-tap FFE transceiver
in 90-nm CMOS technology,” IEEE J. Solid-State Circuits, vol. 41,
no. 12, pp. 2885-2900, Dec. 2006.

R. Kreienkamp, U. Langmann, C. Zimmermann, T. Aoyama, and
H. Siedhoff, “A 10 Gb/s CMOS clock and data recovery circuit with
an analog phase interpolator,” IEEE J. Solid-State Circuits, vol. 40,
no. 3, pp. 736-743, Mar. 2005.

K. Yamaguchi, M. Fukaishi, T. Sakamoto, N. Akiyama, and
K. Nakamura, “A 2.5-GHz four-phase clock generator with scalable
no-feedback-loop architecture,” IEEE J. Solid-State Circuits, vol. 36,
no. 11, pp. 1666-1672, Nov. 2001.

J. Savoj and B. Razavi, “A 10-Gb/s clock and data recovery circuit
with a half-rate linear phase detector,” IEEE J. Solid-State Circuits,
vol. 36, no. 5, pp. 761-768, May 2001.

I. A. Young, “Analog mixed-signal circuits in advanced nano-scale
CMOS technology for microprocessors and SoCs,” in Proc. ESSCIRC,
2010, pp. 61-70.

S. Sidiropoulos, D. Liu, J. Kim, G. Wei, and M. Horowitz, “Adaptive
bandwidth DLLs and PLLs using regulated supply CMOS buffers,”
in Proc. IEEE Symp. VLSI Circuit, 2000, pp. 124-127.

T. O. Dickson et al., “A 1.4 pJ/bit, power-scalable 16 x 12 Gb/s source
synchronous I/0 with DFE receiver in 32 nm SOI CMOS technology,”
IEEE J. Solid-State Circuits, vol. 50, no. 8, pp. 1917-1931, Aug. 2015.

169



FAN AND YOUNG: LOW POWER CLOCK GENERATOR DESIGN WITH CMOS SIGNALING

[15] S. Sievert et al., “A 2 GHz 244 fs-resolution 1.2 ps-peak-INL edge
interpolator-based digital-to-time converter in 28 nm CMOS,” IEEE
J. Solid-State Circuits, vol. 51, no. 12, pp. 2992-3004, Dec. 2016.
S. Chen et al., “A 4-to-16GHz inverter-based injection locked quadra-
ture clock generator with phase interpolators for multi-standard 1/Os
in 7nm FinFET,” in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig.
Tech. Papers, Feb. 2018, pp. 390-391.

S. Kundu et al., “A self-calibrated 2-bit time-period comparator-based

synthesized fractional-N MDLL in 22-nm FinFET CMOS,” IEEE

J. Solid-State Circuits, vol. 56, no. 1, pp. 43-54, Jan. 2021.

[18] J. Im et al., “A 112Gb/s PAM-4 long-reach wireline transceiver using

a 36-way time-interleaved SAR-ADC and inverter-based RX analog

front-end in 7nm FinFET,” in IEEE Int. Solid-State Circuits Conf.

(ISSCC) Dig. Tech. Papers, Feb. 2020, pp. 116-118.

Y. Fan and I. Young, “Low power and duty cycle error free matched

current phase lock loop,” U.S. Patent 7501 904, Oct. 2009.

Y. Fan et al.,, “Digital leakage compensation for a low-power and

low-jitter 0.5-to-5GHz PLL in 10nm FinFET CMOS Technology,” in

Proc. IEEE Int. Solid-state Circuits Conf. (ISSCC) Dig. Tech. Papers,

Feb. 2019, pp. 320-321.

B. Xiang, Y. Fan, J. Ayers, J. Shen, and D. Zhang, “A 0.5-t0-0.9V

0.2GHz-to-5GHz ultra-low-power digitally-assisted analog ring PLL

with less than 200ns lock time in 22nm FinFET CMOS technology,”

in Proc. CICC, Mar. 2020.

[22] J. Kim et al., “A 224Gb/s DAC-based PM-4 transmitter with 8-tap
FFE in 10nm CMOS,” in Proc. IEEE Int. Solid-State Circuits Conf.
(ISSCC) Dig. Tech. Papers, Feb. 2021, pp. 126-127.

[23] M.-A. LaCroix et al., “A 116Gb/s DSP-based wireline transceiver in
7nm CMOS achieving 6pl/b at 45dB lossin PAM-4/Duo-PAM-4 and
52dB in PAM-2,” in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig.
Tech. Papers, Feb. 2021, pp. 132-133.

[24] D. Xu et al, “A scalable
1.25-56Gbps/112Gbps  high-speed

[16]

[17]

[19]

[20]

[21]

ADC/DSP-based
archtecture  using

adaptive
tranceiver

decision-directed MMSE CDR in 16nm and 7nm,” in IEEE Int.
Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2021,
pp- 134-135.

D. Shin et al., “A 23.9-t0-29.4GHz digital LC-PLL with a coupled
frequency doubler for wireline applications in 10nmFinFET,” in /EEE
Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2021,
pp. 188-189.

[25]

YONGPING FAN (Senior Member, IEEE) received
the B.E. degree in physics from Northwestern
University, Xi’an, China, the M.S. degree in elec-
trical engineering from Xi’an Jiaotong University,
Xi’an, China, and the Ph.D. degree in electri-
cal engineering from Purdue University, West
Lafayette, IN, USA, in 1994.

During his graduate study with Purdue
University, his research was focused on design and
fabrication of the first room-temperature continu-
ous wave blue/green heterojunction quantum well
laser diode using wide bandgap II-VI semiconductor materials. In 1997,
he joined Intel Corporation, Hillsboro, OR, USA, where he is currently a
Senior Principal Engineer and a Manager of Analog Circuit Technology
with the Advanced Design Group, Technology Development Organization.
He has authored or coauthored 42 published papers in conferences and
journals, and 21 issued U.S. patents. His focus has been on developing
CMOS low-power and high-performance analog and mixed signal circuits,
including LC-PLL, Ring-oscillator PLL, DLL, phase interpolator, voltage
regulator, bandgap reference, digital thermal sensors, and IO circuits for
microprocessors, SoC, and IoT products on Intel’s advanced CMOS process
technology.

Dr. Fan served as the Technical Program Committee Member
and a Mentorship Committee Member of the 2021 IEEE Custom
Integrated Circuits Conference, and co-chaired reference circuits session
of 2021 CICC.

170

IAN A. YOUNG (Life Fellow, IEEE) born in
Melbourne, Australia. He received the bachelor’s
and master’s degree in electrical engineering from
the University of Melbourne, Australia, and the
Ph.D. degree in electrical engineering from the
University of California at Berkeley, Berkeley, in
1978, where he did some of the early research
on analog MOS circuits and switched-capacitor
filters.

Prior to Intel, he worked on analog/digital inte-
grated circuits for telecommunications products
with Mostek Corporation (currently, ST Microelectronics). He is an Senior
Fellow and the Director of the Exploratory Integrated Circuits in Intel
Corporation’s Technology Development/Components Research organization,
where he joined in 1983. He is responsible for defining future circuit
directions with emerging novel devices and identifying leading options to
manufacture solid-state integrated circuits in the beyond-complementary
metal-oxide semiconductor (CMOS) era. Starting with the development of
circuits for the world’s first 1 Mb CMOS dynamic random-access memory,
and first 1 um 64 K static random-access memory (SRAM), he then led
the design of three generations of SRAM products and manufacturing test
vehicles and developed the original phase locked loop (PLL)-based clock-
ing circuit design in a microprocessor while working on the 50 MHz Intel
486™ processor design. He subsequently led the design of the core PLL
and clock distribution circuit blocks used in each generation of Intel micro-
processors through the 0.13 pum, 3.2 GHz Pentium 4 processor. From 2001 to
2010, he led a Circuit Design Team doing research and development of
analog mixed-signal high-speed serial 1/O circuits for microprocessors and
wireless RF CMOS synthesizers and transceiver circuits in conjunction with
the development of Intel’s 90nm through 22nm process technologies. He
also has led research to enable optical I/O for microprocessors. He has
authored or coauthored more than 150 technical papers.

Dr. Young has received three Intel Achievement Awards. He received
the 2009 International Solid-State Circuits Conference’s Jack Raper Award
for Outstanding Technology Directions paper and the 2018 IEEE Frederik
Philips Award “for leadership in research and development on circuits
and processes for the evolution of microprocessors.” He served as the
Technical Program Committee Chairman of the 2005 International Solid-
State Circuits Conference, and the Chairman of the 1998 IEEE Symposium
on VLSI Circuits. He was a Guest Editor for the IEEE JOURNAL OF
SOLID-STATE CIRCUITS three times and was the first Editor-in-Chief of
the TEEE JOURNAL ON EXPLORATORY SOLID-STATE COMPUTATIONAL
DEVICES AND CIRCUITS.

VOLUME 1, 2021




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


