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A Continuously Tunable LC-VCO PLL with Bandwidth
Linearization Techniques for PCI Express Gen2

Applications
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Todd Rasmus**, Stacy Garvin**, and Clay Cranford**

Abstract—This paper describes bandwidth lineariza-
tion techniques in phase-locked loop (PLL) design for
common-clock serial link applications. Utilizing a
continuously tunable single-input dual-path LC VCO
and a constant-gain phase detector, a proposed archi-
tecture is well suited to implementing PLLs that must
be compliant with standards that specify minimum
and maximum allowable bandwidths such as PCI
Express Gen2 or FB-DIMM applications. A prototype
4.75 to 6.1-GHz PLL is implemented in 90-nm CMOS.
Measurement results show that the PLL bandwidth
and random jitter (RJ) variations are well regulated
and that the use of a differentially controlled dual-
path VCO is important for deterministic jitter (DJ)
performance.

Index Terms—PLL, tunable LC-VCO, PCI Express Gen2,
bandwidth linearization

I. INTRODUCTION

As advanced silicon technology drives the demand for
high speed I/O links, serial link area and power const-
raints along with performance requirements have become
increasingly strict. Since the PCI Express (PCle) specifi-
cation was finalized in 2002, it has been rapidly adopted

as the next generation interconnect between micropro-
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cessors and peripheral components [1]. Compared with
PCI or PCI-X, PCle is based on a point-to-point serial
link topology as illustrated in Fig. 1. While PCI provides
up to a per-bit 1-Gb/s data rate with a a 64-bit bus at a
133-MHz clock rate, PCle provides a 2.5-Gb/s data rates
with a single-bit serial connection and can provide
higher data rate simply by merging each lane at the same
time. PCI Express Gen2 (PCle2) is a second generation
of PCle with a data rate of 5 Gb/s. In contrast to network
communication links which are usually included in low-
volume and high-cost systems, PC communication links
are built for high-volume and low-cost systems where
low-quality reference clock sources are often used.
Hence, unlike other communication links, the jitter transfer
function of the reference clock needs to be carefully
considered in phase-locked loop (PLL) design [1,2]. The
key requirements of the PLL for PCle2 are summarized
in Table 1. Since PCle2 operates at twice the data rate of
PCle, the jitter budget is tighter, demanding random
jitter (RJ) of less than 1.4 ps. The PLL bandwidth is
specified by the standard, for example, it must be within
a range of 8-16 MHz in the case where up 3-dB peaking
is allowed in jitter transfer function. As the loop para

() (b)
Fig. 1. Interconnect between microprocessor and peripheral
components: (a) PCI or PCI-X, and (b) PCI Express.
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Table 1. PLL key requirements for PCle2.
Data rate 5Gb/s

200ps +/- 300ppm

Unit interval (Ul)

Jitter Generation (RJ)

X 1.4DS s
RX 1.4pS,us
REFCLK 3.1PSums

Jitter Transfer*
Max. bandwidth
Min. bandwidth

16MHz with 3dB peaking
8MHz with 3dB peaking
5MHz with 1dB peaking
*For 2.5Gb/s PCle, 3 — 22MHz with 3dB peaking is required.

meters of the on-chip PLL vary a lot over process and
temperature, a means of achieving uniform bandwidth to
meet PCle2 specifications is needed. In this work, we
present a PLL architecture that can be compliant with
standards that specify minimum and maximum allowable
PLL bandwidths by utilizing a continuously tunable single-

input dual-path LC VCO and a constant-gain phase detector.

This paper is organized as follows. In section II, PLL
design considerations for common-clock serial links are
addressed. Then, the proposed PLL architecture with uniform
bandwidth control and circuit implementation are presented
in section III and section IV, respectively. Section V pre-
sents the measurement results, followed by conclusions
in section VI.

I1. PLL DESIGN FOR COMMON-CLOCK
SERIAL LINKS

1. Jitter Transfer of Reference Source

Fig. 2 shows jitter contribution of the reference source
in two typical clock-and-data recovery systems (CDRs)
which are often employed in serial link systems [2]: (a)
an embedded clock system having a PLL-based CDR;
and (b) a common-clock system where the CDR is based
on a semidigital delay-locked loop (DLL) with phase
interpolation (PI) [3]. The PLL-based CDR does not need
a reference clock, hence the transmitter jitter tracking by
the CDR can be simply represented by a high-pass filter,
1 - Hy(s) as illustrated in Fig. 2(a). The Pl-based CDR,
on the other hand, needs the reference clock for the PLL
to generate a multiphase clock in the receiver. Since the
same reference clock is used for both the transmitter and

Hy(s)
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Hifs) Y(s) Xs)| TXPLL Hs) AG]
TXPLL
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CDR RXPLL
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Fig. 2. Jitter transfer of reference source: (a) data-clocked system,
and (b) common-clock system.
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Fig. 3. Common-clock serial link system.

the receiver, there will be partial correlation in the relative
phase variation between the transmitter and receiver PLLs.
In these types of serial links, it is possible to leverage
this partially correlated jitter characteristic to mitigate
the detrimental effects of reference clock jitter. Generally,
specific jitter transfer characteristics must be satisfied in
the transmitter PLL design, which can be accomplished
by controlling PLL bandwidths between minimum and
maximum ranges.

The common-clock serial link architecture shown in
Fig. 3 offers certain performance advantages over source-
synchronous serial link architectures, while enabling a
lower cost link system solution than embedded clock
systems. Therefore, the common clock link system has
been rapidly adopted for short distance links, including
computer centric I/0 links (PCle) and memory I/O links
(FB-DIMM). In this work, the common-clock serial link
system is also assumed in determining the objectives for
the PLL design.

2. Bandwidth Variation

Maintaining constant bandwidth over process and tem-
perature variations is challenging in fully integrated PLL
designs. Since one option under the PCle2 specification
requires less than 1-dB jitter peaking, an overdamped
loop should be considered. The PLL bandwidth is mainly
determined by a phase detector gain, loop filter (LPF)
characteristics, a division ratio, and a VCO gain. Since
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the VCO gain affects both noise and bandwidth most
significantly, the VCO design is critical to achieving
performance targets. A ring VCO enables low cost design
and offers wide tuning range, but it suffers from poor
phase noise performance. The phase noise of the ring
VCO can be suppressed substantially with a wideband
PLL, but the increased noise bandwidth results in worse
RJ performance than a PLL having an LC VCO. The high-
Q LC VCO, however, suffers from a narrow tuning range.
The trade-off between noise performance and tuning
range can be overcome by having multiple varactors [4-5]
or by adopting a dual-path control [6-13].

Fig. 4 shows an LC VCO with a digitally programmable
varactor array. By having multiple coarse-tuning varactors
with sufficient frequency overlap and a fine-tuning
varactor to set precise VCO frequency within the band
selected by digital coarse tune controls, a relatively wide
tuning range can be achieved without degrading phase
noise performance. It is clear from the tuning curves
shown in Fig. 4, however, that a drawback of this approach
is VCO gain variability:v as the VCO fine-tuning voltage
moves from a point near center of its transfer charac-
teristic to a point near edge of its transfer characteristic
in any band, the VCO gain drops significantly. While
center frequency shift due to process variation can be
calibrated during system initialization, center frequency
drift due to temperature and supply changes must be
accommodated by the PLL during normal operating
mode. As indicated by the circles on the tuning curve
example of Fig. 4, VCO gain can drop dramatically at
the target operating frequency as die temperature changes
from 25 to 100 °C. Note further that because changing
bands will result in an abrupt frequency change during
normal operation, the PLL must tolerate temperature and
supply changes while remaining in the band chosen at
calibration. Large VCO gain variation is harmful to PLL
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Fig. 4. Gain variation over temperature in band-switching LC
VCO.

performance unless additional compensation circuits are
implemented for VCO gain linearization.

An alternative to the coarse band-switch VCO is a
dual-path VCO that replaces calibration logic and coarse
tuning varactors with a large analog varactor and asso-
ciated new analog control while maintaining a fine-
tuning path similar to that used on the band-switch
design. In this design, a high-gain analog coarse-tuning
path tunes the VCO frequency over the entire tuning
range while a parallel low-gain fine-tuning path sets the
small-signal VCO gain. In practice, however, the dual-
path VCO offers several design challenges. Firstly, the
high gain of the analog coarse tuning path is more
vulnerable to noise than the digital band-switch path of
the previous design; noise coupling to the analog coarse
control node can strongly modulate the VCO output.
Furthermore, since the gain of the analog coarse-tuning
path is much higher than that of the fine-tuning path, any
coupling due to supply noise or substrate noise can affect
the VCO noise performance. Secondly, the dual-path
control often requires a PLL topology change such as the
introduction of an additional voltage node from the loop
filter [6-9] or an additional phase detector (or charge
pump) [10-12]. Lastly, for stability reason, the coarse-
tuning control loop must have much narrower bandwidth
than the PLL bandwidth, increasing the area of the
stabilizing capacitor in the coarse-tuning path.

II1. ARCHITECTURE
1. Uniform Bandwidth Control

The PLL bandwidth is mainly determined by phase
detector gain, LPF characteristics, division ratio, and
VCO ‘gain. One approach to minimizing phase detector
gain variation is having the charge pump bias current
generated by the on-chip resistor and the bandgap refe-
rence voltage. As illustrated in Fig. 5, the phase detector
gain, which is set by the product of the charge pump
current and the resistor in the LPF (the impedance of the
LPF is mostly set by the resistor), will remain constant
over temperature and process variations, since the charge
pump current variation is inversely proportional to the
resistor variation. The capacitor variation in the LPF will
affect the phase margin of the feedback loop, but its
impact on loop dynamics is relatively less significant. In
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Fig. 5. Uniform bandwidth control.

particular, the shunt capacitor and the series capacitor act
to compensate for each other to a certain degree with
respect to the phase margin; if the capacitance increases,
the shunt capacitor reduces the phase margin, but the
series capacitor increases the phase margin. Since the
division ratio is set by explicit control signals, these cont-
rols can be used to set the charge pump current so that it
compensates for division ratio changes in the overdamped
PLL. If these approaches are applied, VCO gain variation
is the primary remaining factor affecting overall PLL
bandwidth variation.

2. Single-Input Dual-Path L.C VCO

Fig. 6 shows the block diagram of the proposed PLL.
Instead of having a digitally programmable varactor
array, a single coarse-tuning varactor controlled by an
analog control voltage is used. Unlike prior arts in which
dual-path controlled LC VCOs are used [6,10], the pro-
posed PLL not only uses a coarse-tuning varactor with a
coarse-tuning linear amplifier after the LPF [13] but also
further increases the open-loop gain at dc [11], lineari-
zing the gain of the VCO and the charge pump. Further-
more, the LC VCO has the inputs of the coarse- and fine-

Bandgap / Voo Single-input dual-path VCO
Regutator Voo
lCP 0
Foer = P[] P ET
1
f CZT
C‘T
+N

SEL {shown as single-ended configuration)

Fig. 6. Proposed PLL architecture.

tuning linear amplifiers controlled by same voltage in the
loop filter, namely a single-input dual-path control. Hence,
the architecture does not require PLL topology modify-
cation and is also comparable to conventional PLLs
using ring VCOs, while maintaining wide tuning range
and superior noise, performance.

In VCO design, the linear amplifier in the coarse-
tuning path is designed to have higher gain than the
linear amplifier in the fine-tuning path. Fig. 7 illustrates
the relationship between the coarse-tuning range and the
fine-tuning range. In Fig. 7, the solid line represents the
tuning curve of the larger coarse-tuning varactor and the
dotted line represents the tuning curve of the smaller
fine-tuning varactor. When the gain of the coarse-tuning
linear amplifier & is greater than 1, the actual voltage
range in the LPF (or, equivalently, at the output of the
charge pump) will be narrower than the output voltage
range of the coarse-tuning linear amplifier by a factor k.
In Fig. 7, the voltage range *¥% or %k represents the
input voltage range of both coarse-tuning and fine-tuning
linear amplifiers and the output voltage range of the fine-
tuning linear amplifier, while the voltage range *“
represents the output voltage range of the coarse-tuning
linear amplifier only.

The proposed architecture thus acts to center the fine-
tuning operating range of the VCO in a very linear part
of the tuning curve, effectively minimizing VCO gain
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Fig. 7. Tuning range of single-input dual-path LC-VCO.
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Fig. 8. Leakage current effect: (a) dual-input dual-path VCO,

and (b) single-input dual-path VCO.
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Proposed
- Single-input LC VCO

- Port-to-port compatibility
- Less leakage effect
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- Wide tuning range
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» Low VCO sensitivity
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Dual-Path Control
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- Static phase offset
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Fig. 9. Architecture overview.

variation, the primary remaining source of overall PLL
bandwidth variation. Reduced voltage range in the LPF
also has the additional benefit of relaxing the charge
pump design requirements as it minimizes current mis-
match between UP/DN mirrors, resulting in a further
benefit of improved static phase error performance. The
single-input VCO also provides more immunity to leakage
current effects. As illustrated in Fig. 8, the leakage
current in the on-chip LPF does not induce an offset
voltage between the coarse-tuning path and the fine-
tuning path in the proposed architecture. The advantages
of the proposed architecture are reviewed in Fig. 9. Note
that the dual-path architecture’s use of a high gain
coarse-tuning path raises potential deterministic jitter
(DJ) exposures that must be addressed in the PLL imple-
mentation for the approach to be successful.

3. Loop Dynamics

Fig. 10(a) shows the linear model of the proposed PLL,
where Kpp, Kvco, F(s), M, and N represent phase detector
gain, VCO gain, the loop filter transfer function, coarse-
tuning gain factor, and division ratio, respectively. The
coarse-tuning gain factor M is the ratio of the coarse-

Proposed
Conventional

-60dB/dec \-\
@ (b)

Fig. 10. Loop dynamics: (a) linear model, and (b) open-loop

gain comparison.

tuning path gain to the fine-tuning path gain, which in-
cludes the linear amplifier gain ratio as well as the
varactor size ratio. Open-loop gain of the proposed PLL
can be written as follows:

Kp Ko Mt 1+ s RS
qs)__D F() 1+sR() = G6) ( 1+sl§Cc) (1

where the open-loop gain of a conventional PLL G,(s)
is given by

Gs) = 3 24 F(s) @

Compared to conventional Type-II PLLs, the pro-

posed PLL has an additional pole and a zero located at s
= 1/RC and (M+1)/RC, respectively. Fig. 10(b) shows
the Bode plot of the open-loop gain for the proposed
PLL and the conventional PLL. Note that a high coarse-
tuning gain factor M can degrade the phase margin even
with narrow coarse-tuning bandwidth. Hence, it is impor-
tant to keep the additional pole and zero at much lower
frequencies than the unity-gain frequency for jitter peaking
requirements.
Fig. 11 shows the transient behavioral simulation results
of the proposed PLL. Closed-loop behavioral simulation
was done using the CppSim tool [14]. In this simulation,
the PLL bandwidth is normalized to 1. In Fig. 11(a),
different coarse-tuning gain factors are chosen, but the
bandwidth of the coarse-tuning path is fixed to 0.1. The
first plot shows a PLL control voltage waveform with a
coarse-tuning gain factor of zero. In this case, loop
dynamics of the proposed PLL is same as that of the
conventional PLL. The second plot shows that the
coarse-tuning gain factor of 1 has negligible effect to
stability with the coarse-tuning bandwidth of 0.1. In the
case of the coarse-tuning gain factor of 10, shown in the
third plot, there is a slight overshoot in the transient
waveform. It shows that increased coarse-tuning gain
factor degrades phase margin, as predicted in the pre-
vious analysis. With extremely high coarse-tuning gain
factor, shown in the fourth plot, the PLL can be unstable.
In Fig. 11(b), the coarse-tuning gain factor is fixed to 10,
and the bandwidth of the coarse-tuning path is varied
from 0.01 to 10. As shown in the third and fourth plots,
widening the bandwidth of the coarse-tuning path can
degrade phase margin significantly.
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Fig. 11. PLL behavioral simulations: (a) with different coarse-
tuning dc gains, and (b) with different coarse-tuning bandwidths.

IV. CIRCUIT IMPLEMENTATION

A prototype PLL was designed with front-end division
ratios of 8/10/16/20. To achieve a low-power program-
mable 8/10/16/20 divider, a 4/5 dual-modulus divider
was employed in the middle of the divider chain. The
charge pump current is digitally programmable and cont-
rolled in an adaptive way such that different division
ratios set the appropriate charge pump current value to
maintain constant PLL bandwidth. A fully on-chip bandgap
reference circuit and supply voltage regulator are in-
cluded in the design to enable good power supply reject-
tion. A key drawback of the dual-path VCO is that it in-
cludes a high-gain coarse-tuning path which can degrade
PLL DJ performance. To address this concern and to
broadly enhance immunity to supply and substrate noise
coupling, a VCO using differentially-controlled varactors
along with a differential linear amplifier was designed

and used in this implementation {15].

Fig. 12 shows the schematic of the linear amplifier
used in the coarse-tuning path and the fine-tuning path.
The linear amplifier in the coarse-tuning path is designed
with much lower bias current and has much narrower
bandwidth than that in the fine-tuning path. The linear
amplifier is implemented as a simple differential amplifier
with source degeneration to minimize the noise contri-
bution from active devices and to achieve linear gain.
Compared with the linear amplifier in the fine-tuning
path, the linear amplifier in the coarse-tuning path has
three times higher de¢ gain, and, due to additional RC
filtering, much narrower bandwidth; this extra filtering
also helps to reduce DJ sensitivity of the PLL at the
coarse input. The thermal noise contribution from the
series resistor will be suppressed by the PLL open-loop
gain since the linear amplifier is placed after the loop
filter, as illustrated in Fig. 12. Hence, a high-value
resistor can be implemented to reduce the capacitor size.
A key layout consideration is minimizing substrate noise
coupling to the output of the linear amplifier.

Fig. 13 shows the simplified schematic of the fully di-
fferential charge pump. The charge pump output current
is digitally programmable (not shown in Fig. 13). The
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Fig. 12. Linear amplifier and noise consideration.
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Fig. 13. Charge pump and LPF with CMFB,
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transistors M5-M8 provide cascoded output stages to
minimize charge coupling between switching devices
M1-M4 and the LPF. Common-mode feedback (CMFB)
is implemented using linear-mode transistors M13 and
M14. The common-mode reference voltage is applied
not only to the gate of M12 for setting the common-
mode voltage but also to the gates of M5-M8 for cascode
biasing. For the PLL, instead of using the direct charge
pump output signals to provide CMFB information, the
voltage across the capacitor in the loop filter is used,
thus avoiding the high-frequency voltage ripple caused
by the resistors in the loop filter [16].

V. EXPERIMENTAL RESULTS

The prototype PLL fabricated in 90-nm CMOS is shown
in Fig. 14. Another PLL with a dual-path VCO using a
conventional varactor and a linear amplifier having a
single-ended output is also implemented to enable a power
supply rejection comparison. The active die area is 0.68
x 0.52 mm’. The PLL excluding output buffers consumes
20 mW from a 1.2 V supply.

Fig. 15 shows the measured VCO output spectrum at 5
GHz. The measured spurious tones are less than -56 dBc,
which results in a negligible periodic jitter (PJ) contri-
bution (<0.01 UI) to the overall DJ. Fig. 16 shows the
measured VCO output phase noises over process varia-
tion. To show that the PLL bandwidth variation is well
regulated in the proposed PLL, several PLLs in different
process-corner parts are tested. The striped wafer where
each stripe has controlled channel length and threshold
voltage variations provides up to 6-sigma process corners.
The metal variation including inductor variation is not
controlled in the wafer. At nominal conditions, the phase

PCIEZPLL
{with o&ff. varactor)

PCIE2PLL -
{with SE varactor)

Fig. 14. Chip micrograph.

noise at 1 MHz offset frequency from the carrier is -108
dBc/Hz, and the measured bandwidth is approximately 8
MHz. The phase noise characteristics as shown in Fig.
16 do not exhibit noise peaking, indicating that all the
PLLs have over-damped loop dynamics over process.
Fig. 17 shows RJ variation over process and temperature,
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Fig. 15. Measured VCO output spectrum at 5 GHz.
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where a noise integration bandwidth of 3 MHz to 1 GHz
is used. RJ performance varies from 0.34 ps-rms to 0.48
ps-rms over process and temperature variations, while
the PLL bandwidth was measured to be within a range of
8-12 MHz, showing that bandwidth variation is well
controlled.

Fig. 18 shows the measured tuning curve of the dual-
path VCO. The tuning range of 4.75 to 6.1 GHz is achieved
with VCO gain of 450 MHz/V and +/-0.2-V differential
input control voltage range. Since the typical input voltage
range for the fine tuning curve is less than +/-0.2 V due
to the high coarse tuning gain factor, highly linear fine-
tuning VCO gain can be achieved.

As mentioned previously, a high-gain coarse tuning
node exists in the dual-path VCO. The sensitive analog
node within the VCO can therefore contribute to DJ due
to supply and substrate noise coupling. In an experiment
designed to assess the DJ impact of this sensitivity,
supply noise with 100-mV,, amplitude at various fre-
quencies was applied to the PLL. Since the PLL has an
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Fig. 18. Measured VCO coarse- and fine-tuning curves.
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Table 2. Summary of measured performance.

Technology 90nm CMOS
Supply voltage 1.2V

Power consumption 20mW
Frequency range 475 -6.1GHz
Bandwidth 8~ 12MHz
Phase noise @ 1MHz —108dBc¢/Hz
Spurious tones <-56dBc/Hz

Random jitter* 0.34 — 0.48ps,ms
Area** 0.52 x 0.68mm’

*Noise integration bandwidth: 3MHz to 1GHz
**Including supply voltage regulator and bandgap

on-chip regulator which provides about 20-dB power
supply rejection, actual supply noise amplitude for the
internal PLL supply can be estimated at 10 mV,,. Fig. 19
shows the measured supply noise sensitivity which is
represented by sideband magnitudes. Noise suppression
within PLL bandwidth is observed in the plot, indicating
that overall DJ performance is dominated by the VCO-
induced noise. Fig. 19 also shows the performance com-
parison with the PLL having the single-ended varactor
and the single-ended output linear amplifier. The mea-
sured results clearly show that the differentially cont-
rolled VCO offers superior power supply rejection.

A summary of the measured results is given in Table 2.

VI. CONCLUSIONS

The PLL using a single-input dual-path VCO with uniform
bandwidth control is implemented in 90-nm CMOS. The
prototype SGHz continuously tunable PLL exhibits RJ
variation of 0.34 to 0.48 ps-rms and bandwidth variation
of just 8-12 MHz over process and temperature. These
results demonstrate that the proposed PLL is a promising
approach for the common clock serial link applications
which require specific jitter transfer characteristics. This
work also addresses noise and coupling issues in dual-
path VCO design. It is shown that using the differential
control scheme is important in dual-path VCO design to
achieve good DJ performance.
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