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Abstract: A sub-mA phase-locked loop fabricated in a 65nm standard digital CMOS process is presented. The impact of

process variation is largely removed by a novel open-loop calibration that is performed only during start-up but is opened

during normal operation. This method reduces calibration time significantly compared with its closed-loop counterpart. The

dual-loop PLL architecture is adopted to achieve a process-independent damping factor and pole-zero separation. A new

phase frequency detector embedded with a level shifter is introduced. Careful power partitioning is explored to minimize

the noise coupling. The proposed PLL achieves 3. 1ps RMS jitter running at 1. 6GHz while consuming only 0. 94mA.
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1 Introduction

The bandwidth demands for inter-chip communi-
cation are continuously increasing. The higher data
rate gives less timing margin for data transfer,so the
PLLs that can provide low jitter clocks in a noisy dig-
ital environment containing high performance UPS
and high density memory are required.

The impact of PVT variation is getting worse
with technology scaling. For PLL design,the loop pa-
rameters such as damping factor and phase margin
change with PVT variations significantly. The higher
operating frequency and the continuous shrinking of
the supply voltage with process scaling lead to ring os-
cillators with a very large tuning gain (several GHz/
V). The higher sensitivity of the ring oscillators to the
temperature makes the situation even worse. Some
PVT tolerant PLLs have been developed" . In this
paper, we adopt a dual-loop architecture™, which
provides a tracking mechanism to achieve a process-
independent damping factor and pole-zero separa-
tion. A novel open-loop calibration is performed only
during start-up,so that the impact of process variation
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trolled oscillator (ICO) is supplied by a current source
biased from a bandgap current reference to mitigate
the effect of temperature variation.

The power supply noise is the dominant contribu-
tor for clock jitter in a mixed signal SoC with large
digital circuits. In this design, we partition the power
supply network carefully to minimize the coupled sup-
ply noise. Several kinds of regulators are adopted to
trade off between PSRR, noise coupling, and voltage
headroom.

2 Architecture

The top level diagram of the dual-loop PLL is
shown in Fig.1. The PLL achieves the stabilizing zero
by the proportional path. The s-domain open-loop
transfer functions for the integral and proportional
path are:
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Small signal analysis shows the open-loop and closed-
loop transfer functions of the PLL are,respectively,
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The main ripple pole f, = 1/2xR,C, presents high

reference spurs and noise attenuation. This pole is far

above the bandwidth of the PLL to ensure the stabili-

ty of the system,so it can be ignored when we analyze

the loop characteristic. Equation (4) can be rewritten
as
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From Eq. (5),we can get the following expres-
sions for the loop,the nature frequency (f,),stabili-
zing zero (f,),damping factor () ,and pole/zero sep-

aration
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where I.; and [, are the charge-pump currents of
the integral and proportional path, R; and R, are the
integral and proportional path degeneration resistors,
gmi 1s the integral path transconductance given by the
inverse of R;, Kico is the gain of the current con-
trolled oscillator, C;,, and C, are the integral and pro-
portional path capacitors., Cco is the load capacitance
of the ICO, K ,; is the gain of the ICO driving current
mirror of the proportional path, N is the frequency
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Top view of the PLL

divider ratio,and V. is a constant voltage with low
process variation as shown in the following section.

These equations show that the pole-zero separa-
tion suffers low process variation as it is given by the
ratios of currents, capacitors,and resistors. With this
architecture,we also get an almost process-independ-
ent damping factor, which is important to achieve low
jitter. The simulated phase noise of the PLL over PVT
variations using a traditional third-order passive filter
is shown in Fig. 2. In our simulation, the RMS jitter
integrating phase noise from 1kHz to 100MHz offset
changes from 2. 9 to 6. Ops due to PVT variation when
the PLL works at 1. 6GHz. The impacts of the PVT
variations on the traditional and the proposed PLL
are summarized in Table 1.
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Fig.2 Simulated phase noise of the traditional PLL under PVT
variations

Table 1 Impact of PVT variations
Parameter Traditional This work
Kvco 3GHz/V 600MHz/V
fo/ [ 32+6 3242
& 0.75~1.4 0.95~1.1
Jrms (1kHz~100MHz) 2.9~6.0ps 2.6~3. 1ps
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3 Building blocks

3.1 Calibration block

Keeping the oscillator gain small is important for
noise performance because the oscillator noise in a
PLL is directly proportional to its gain. To ensure that
the oscillators work properly under all PVT condi-
tions, multi-range VCOs have been developed™ .

In this design, a novel open-loop calibration is
proposed that is performed only during PLL start-up.
The open-loop operation reduces the calibration time
significantly compared with its closed-loop counter-
part®’, which is constrained by the settling time of the
PLL. Figure 3 explains the principle of the calibra-
tion. In Fig. 3(b), V., and V., are the limit of the
output range of the charge pump; V|, and V, are the
predefined voltages to provide enough margin for the
oscillator when it experiences V; variation after cali-
bration. Because of the low supply voltage, choosing
proper V,and V| values to reserve enough margin for
V1 variations while keeping overlaps in adjacent
curves is important. During calibration, we compare
the oscillation frequency of the VCO with the refer-
ence clock by two frequency counters. If clk_cal_ctl is
high,the VCO is biased at point A and the calibration
block judges whether the VCO is slower than the tar-
get frequency;otherwise,the VCO is biased at point B
and judges whether the VCO is faster than the target
frequency. The calibration is over when both condi-
tions are satisfied, otherwise, shifting to the upper
curve. This calibration can lower the VCO gain sever-
al times by removing the impact of process variation

shown in Fig. 4(a). The inputs go through a series of
inverters to generate a capture pulse at each positive
edge of the reference and feedback clock. The inter-
nal nodes int_up_n and int_dn_n are charged to 1. 8V
by the reset signal rst and then rst is charged to 1. 8V
waiting for the capture pulse. Weak keepers are added
between the internal nodes int_up_n and int_upb,int_
dn_n and int_dnb to overcome the leakage current
and charge sharing effect. The dynamic circuit not
only improves the operation speed, but also converts
1V input to 1. 8V output.

The charge pump is shown in Fig. 4 (b). A dy-
namic current matching feedback loop is implemented
by adding an amplifier to drive the gates of the pMOS
current mirrors such that the source and sink currents
are well matched. The decouple capacitor C, is used
to reduce the ripple on the node pbias and also as a
compensation capacitor to stabilize the negative feed-
back loop. The noise of the current mirror devices is
filtered-out using two low corner frequency RC filters
(LPF1, LPF2), as shown in Fig.4 (b). The start-up
circuit is added to prevent circuits from falling into
the cut-off state.

3.3 Current controlled oscillator and bandgap

The diagrams of the ICO and bandgap are shown
in Fig. 5. The ICO is supplied by a 5bit current DAC
biased through the bandgap reference and the current
from the current loop filter. The current DAC uses a
cascoded mirror to increase output impedance and im-
prove PSRR. The source degeneration resistor Ry is
used to further reduce the noise contribution of the
current mirror. In series with an active low pass fil-
ter,the current DAC provides at least 50dB PSRR for
the ICO over the whole bandwidth.

A current reference™ with a low temperature co-
efficient is implemented as the reference of the cur-
rent DAC. This can reduce the margin requirement of
the ICO for V; variations,lowering the ICO gain. The
reference current is given by

I, = (1/Ry) T /@)InN + V. /R, (10)

The first contribution is PTAT, while the second
decreases with the temperature: by choosing N, Ry,
R, properly, we can make dI/dT =~ 0. A four-stage
ring inverter-based oscillator was adopted for its low-
voltage operation capability. Cross-coupled inverters
are added at the output of each pseudo-differential in-
verter to improve the waveform symmetry and thus
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Fig.4 PFD and charge pump (a) Phase frequency detector; (b) Charge pump
reduce the flicker noise up-conversion.
Ry
S b 3.4 Loop filter
& bias . . . .
This design uses a current-mode loop filter with a
feedforward path that leads to a low area of on-chip
capacitance and a smaller noise contribution™!. The
integral path transconductance stage is shown in
Fig. 6(a). It has a large source degeneration resistor to
stabilize its transconductance over a large current
range (g, = 1/R;). The self-biased and cascoded cur-
rent mirror improves PSRR significantly. The source
5bit I-DAC From filter degeneration resistor ( Ry) of the current mirror in-
__________ a . . .

l T T T creases the output impedance and reduces its noise
: | contribution. The proportional path shown in Fig. 6
R . . . .

I-DAC ‘ e Calite. | CD (b) is realized as a current mirror that magnifies the
bias H—d [

Fig.5 Bandgap and ICO
Current control oscillator

(a) Current bandgap reference; (b)

i

Fig.6 Loop filter (a) Integral path; (b) Proportional path
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Fig.7 Regulators (a) Active filter; (b) Shunt regulator

current injected by the proportional charge pump
(Iyp) . The current gain (K, ) helps reduce the cur-
rent switched in the charge pump,increase its speed,
and reduce the clock feedthrough and channel charge
injection effects. The current mirror is pre-biased
with a low value current ([,.) to minimize its turn-on
delay, which would significantly degrade the phase
margin of the PLL™ .

3.5 Power supply partitioning

Power supply partitioning and distribution are
critical for the jitter performance of a PLL. A single
1. 8V supply is used for the entire PLL to reduce the
number of the package pins in this design,so the situ-
ation is even worse. We choose an active low pass fil-
ter,shown in Fig. 7(a), whose drop-out is about 0.3V
to reject high frequency supply noise for the analog
blocks that have enough voltage headroom, such as
current DAC, current bandgap reference,and loop fil-
ter. The charge pump uses a simple passive RC filter,
shown in Fig.4 (b), to maximize its output range,
which will help lower the VCO gain. The digital
blocks (PFD,divider,clock buffers) are supplied by a
high reverse-PSRR shunt regulator® . as shown in
Fig. 7(b). The shunt regulator provides a 1V supply
for the digital blocks and keeps constant current from
the 1. 8V supply to ground. This will minimize the d1/
dT noise coupled to the noise sensitive analog blocks.

4 Measurement results

The PLL is fabricated in a 65nm standard digital
CMOS process. The photograph of the test chip is
shown in Fig. 8. The PLL is measured using Agilent’s
DSA 80000 oscilloscope. The waveform of the output
clock at 1. 6GHz is shown in Fig. 9. Measured under
room temperature,the RMS jitter is 3. 1ps when run-
ning at 1. 6GHz,and the peak-to-peak jitter is 18. 4ps
in 10000 hits. The RMS jitters measured with differ-
ent supply voltages and temperatures are shown in Ta-
ble 2. The table shows that the proposed PLL achieves
stable jitter performance over the PVT variations.
The increase of jitter with temperature is mainly due

Fig.8 Photograph of the test chip

File Control Setup Measure Analyze LRtilities _Help

Fig.9 Waveform of the clock

Table 2 RMS jitters under different supply voltages and tem-

peratures

Vob =1.6V Vob =1.8V Vob =2V
26C 3.2ps 3.1ps 3.1ps
45C 3.3ps 3.2ps 3.2ps
82C 3.6ps 3.5ps 3.5ps

Table 3 Comparisons of this PLL with previous work

Frequency Jitter Power Area Technology
. 3.1ps RMS )
This work| 1.6GHz 0.94mA| 0.04mm? | 65nm CMOS
18.4ps p2p
Ref.[4] | 520MHz | <<77ps p2p | 1.7mA | 0.18mm? | 90nm CMOS

Ref.[10][3.125GHz| 1.3ps RMS | 15mW |0.064mm? | 130nm CMOS

Ref.[11]| 1.256GHz | 1.2ps RMS | 3mA |0.015mm? | 130nm CMOS

Ref.[12]| 1GHz |12.8ps RMS| 22mW |0.36 mm? |0.35.m CMOS

Ref.[13]| 1244MHz | 6.1ps RMS | 12mW | 0.22mm? |0.25,m CMOS

to the thermal noise rising with temperature. It con-
sumes only 0. 94mA (excluding the output buffer for
measurement) when running at 1. 6GHz. The compar-
isons of this PLL with previous works in terms of jit-
ter, power consumption, and area are summarized in
Table 3.

5 Conclusion

A PVT tolerant sub-mA PLL for high speed links
is presented in this paper. A novel open-loop calibra-
tion is proposed to mitigate the impact of PVT varia-
tion. A dual-loop architecture is adopted to achieve
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