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Abstract—This paper presents a PLL supporting diverse
low-power clocking needs including wide input (6-200 MHz)
and output (0.15-5 GHz) frequency ranges and SSC operation.
Fabricated in 14nm FinFET CMOS, a low-power switched-cap
loop filter is employed to enable high —3dB PLL bandwidth
(>40% of frgr = 19.2 MHz), and the proposed reference
current generator (IrefGen) provides accurate current with
<4% tolerance without the need for external components
or on-chip precision resistors. IrefGen decouples PLL loop
dynamics from feedback divide ratio and provides immunity
to systematic capacitor variation. Power gating of switched-cap
loop filter’s bias circuits results in more than 10% PLL total
power savings. The PLL achieves 1.6-ps integrated RMS jitter
at 4 GHz using 100-MHz reference while consuming 2.6 mW
from 0.95 V. The PLL performance satisfies the stringent PCle
Gen2/3 jitter specifications without resorting to inductors.

Index Terms—Ring PLL, SoC, clock, adaptive, SSC, PCle,
sample-reset loop filter, microprocessors, core-clocking.

I. INTRODUCTION

ODERN Systems-on-Chip (SoCs) integrate numerous

subsystems, whose operating frequencies must satisfy
a patchwork of spread-spectrum clocking (SSC) and non-SSC
requirements and must change on the fly (dynamically with
fast relock time independent of output frequency) to reap
dynamic voltage-frequency scaling (DVES) power savings.
Fig. 1 shows an example SoC where single platform crystal
provides the reference for several on-die clock sources; such
systems have boasted ~20 PLLs and account for >7% of total
SoC power [1].

Fast PLL lock time implies high bandwidth, which also
confers the side benefit of voltage controlled oscillator (VCO)
self-noise attenuation. However, this is in disagreement with
loop stability and the traditional rule-of-thumb limit of 10%
reference frequency (frer) [2]. In particular, PLLs with
high intrinsic loop delay, such as those featuring elaborate
digital filters, must resort to increasing frpr in order to
boost bandwidth: this consumes additional power [3] and
complicates behavioral analysis [4]. Reducing PLL order from
type-1I to type-I has demonstrated high bandwidth [5], but it
doesn’t meet the requirements for lock acquisition range and
static phase offset.
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Fig. 2. Block diagram of the proposed PLL with self-bandwidth control.

This work presents a low-power, low-jitter, wide-frequency-
range (Fpax/Fmin > 8) type-II analog PLL with SSC sup-
port [6], fabricated in 14nm FinFET CMOS [7], [8]. It includes
self-loop gain control to decouple bandwidth from frequency
division ratio N; unlike prior art [9], our design doesn’t require
explicit discrete charge pump reconfiguration.

Bandwidth is extended via a switched-capacitor loop fil-
ter with low control-voltage ripple and highly-independent
proportional and integral gain adjust, based on a precision
on-die IrefGen circuit. A simplified Low Drop-Out (LDO)
regulator design is facilitated by good intrinsic supply noise
rejection (>15dB) in the VCO.

The rest of the paper is organized as follows. Section II
describes the PLL architecture and self-bandwidth control.
Section III presents z-domain analysis for the high-bandwidth
loop filter. Circuit level details including loop filter and charge
pump power gating are given in Section IV, with measurements
in Section V. Section VI concludes with key results.

II. PLL ARCHITECTURE AND SELF-BANDWIDTH
CONTROL

Fig. 2 illustrates a simplified block diagram of the proposed
PLL. It consists of a tristate phase-frequency detector (PFD), a
lock detector, two charge-pumps (CPs) with bias currents from
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Fig. 3. Sample-reset loop filter and timing diagram. Ideally, the proportional
charge of the previous cycle is instantly reset before the present CP event.
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Fig. 4. Waveforms of Vcry for RCC (A, B, C, D) and Sample-Reset (E)
loop filter at the same phase error, and Cy is S0pF.

IrefGen that implement the proportional and integral paths,
a switched-capacitor sample-reset loop filter (SRLF), a ring-
based VCO followed by a post-VCO amplifier (PVA), and a
feedback divider.

A startup circuit briefly pre-charges Vcrp upon PLL enable
for faster settling. Not shown in Fig. 2: an LDO which powers
everything shown except the feedback divider, and a selectable
R-C segment that increases loop filter order to 2. Shown also
in Fig. 2 are two design-for-test (DFT) blocks: Lock Detect
and CLK IN. The former asserts Lock signal that is monitored
in high-volume manufacturing (HVM) test and by various SoC
consumers. The lock detector circuit compares the feedback
and reference clocks and asserts Lock when their phase error is
smaller than a specified threshold set by a programmable delay
line. The latter block facilitates PLL characterization via static
and dynamic phase error injection. IrefGen’s choice of input
clock determines its operating mode: Fixed or Adaptive. In
Fixed mode, IggF is solely proportional to frrr; in Adaptive
mode, Igrpp is instead proportional to fyco = (N - frREF)
given fixed divisor M. The consequences of this for loop
stability and bandwidth can be glimpsed from the s-domain
expression for damping factor ¢ and natural frequency w, of
a simple 2™-order CP-PLL with R-C loop filter [9]:

__Rp [IcpiCiKvco _ [|IcriKvco
(=—y————— andw, = | ———
2 2z N 2z NCq
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with VCO gain Kyco in rad/s/V, integral CP current Icp;,
filter resistance Rp and capacitance Ci. In Adaptive mode,
both ¢ and w, become independent of N. Note that typical
PLLs uses 2" order loop filter (RCC) that consists of a series
R, C; and a shunt capacitor Cs ~ (C1/10) to mitigate the
Verr ripple that comes from only pumping for a portion
(<4% at steady state) of the reference clock cycle [10];
this Cy decreases loop bandwidth and adds loop delay. In con-
trast, our SRLF (see Fig. 3) applies the pumped charge Qp
(assuming C; > (C2) as a stable voltage step, affecting
almost the entire reference period equally, either from Cza
or Crp (on alternate reference clocks) with the other cap
reset to Vgsr to ensure no memory effect. Note that S1,
S2, R1, and R2 in Fig. 3 are non-overlapping clocks gen-
erated from frpr divided-by-2. The SRLF achieves the same
N-independence as above because its equivalent loop resis-
tance (see Section III):

ICPp
JrEFICcPiCi

)

Rp sk =

depends on /¢ p; and proportional I¢ pp scaled (independently)
to the same Irgr. Note that Vegr is fixed in our SRLF, saving
power and complexity compared to generation by auxiliary
CPs [9] or unity-gain buffers from Vcrp [11-12]. Figure 4
compares Vcrp over one reference clock period for four
cases of RCC loop filter tunings (A-D) with the SRLF (E);
all cases are normalized to produce the same integrated VCO
phase. In cases (A-B), low Cy values incurs high V7 ripple,
plus reduced Icp; heightening random device mismatch risk.
Conversely, (C-D) have less ripple but longer time span
in steady-state (multiples of reference period Tgrgr, or
1/frer): this degrades the maximum (stable) bandwidth
of the PLL loop. Note that smaller Vo7 ripples lead to
improved loop stability.

III. PLL LOOP ANALYSIS AND TRANSFER FUNCTION

As some previous SRLF publications [11-12] have omitted
transfer function analysis, we provide it here to motivate
SRLF impact on PLL behavioral design. Our discrete-time
(z-domain) formulation comprehends the sampling nature of
the PFD, starting with an output/input phase relationship at
steady-state which we linearize as in [13]. Because Cop < Cq,
Ca (in parallel with Cy) is neglected during CP events. The
integral CP current in one reference cycle starting at t = 0:

. [ Icpisgnleol;

lcpi— 0
where 6, ; = 6;(t) — 0p(t) is the sampled phase error between
reference phase 6;(¢) and feedback phase 9y(t), wgreF is the
reference frequency in rad/s, and ¢, is the net UP-DN on-time,
approximated as f,= |96,0| JOREF -

The value of Vcrp can be expressed as Verp (f) =
[0i 1) + 0, ()] /C1 + VerL(0), where Q) and Q; are the
integration of Icp, and Icp;, respectively. The feedback
frequency wp (¢) is:

0 <<ty
Ip <t<27r/wREF

3)

Qo Kvco
20 L VO y 4
N + N crL(t) 4)

where Qg denotes the free running VCO frequency at ¢ = 0.

wy (1) =
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Fig. 5. PLL transfer function from reference input to feedback divider output
for low and high bandwidth setting, with and without the loop delay.
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Fig. 6. VCO schematics with two tuning mechanisms: switchable load
capacitors and adjustable PMOS control current.
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Fig. 7. VCO supply noise rejection illustration and simulation results.

Resetting O, for instance on Cz4, finishes promptly (from
t = t*7 to t*) by the next rising edge of UP-DN (at t = t*)
for maximal Q) retention in a cycle. To capture the phase
transient in a cycle (0 < ¢t < r*), we assume linear Verp
ramp due to UP-DN, and integrate from ¢ = 0, to 7, and
then r* to obtain Vcory and 6y at r*:

e,0lC pi
Vere (t*) = Vero(0) + Geoleni. )
REFCI
Qo
0 (1) = 6o(0) + 1" + BVCO [verpiop®
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N 2r [Qo  Kvco
6o (1) = 60(0) + [— + VCTL(O)i|
wRrer L N
Kvcolcpifeo
7”[4 (14a)—=0e0] (D
2wREFC1

FLEXIBLE, LOW-POWER ANALOG PLL FOR SoC AND PROCESSORS IN 14nm CMOS 3

VCCp T~
— c1
Sy, IICZA ‘
R, pEN
(Integral)
VCTL VCCI::Z_ VCTL
R
(Proportional) R, I—EN
CZB

Fig. 8. Modified sample-reset loop filter.

where a is defined as Icpp/Icpi. Because |96,0| is reasonably
< 4r at steady state, it is dropped to linearize 6y, in addition
to dropping Qg (as a phase step).

In z-transform space, we obtain the transfer function:

2z Igvco Icpi +(z —
wREFCIN

=1+ —

0 () Dofppciy Gr(l+a)

i (z)

I)cholcm (2n(1+a))+2ﬂ1(vcglllcvm

@)

The same approach can be applied to derive the transfer
function for a PLL with a conventional R-C loop filter:

0o (2)
0i (z)
2z Kvcolcpi Kvcolcri
_ wkprCIN t-D ToRerN (R +wREFC1)
T2 1\ Kvcolcpi 2nKycolcpi
(Z 1) +(Z 1) wrerF N (R +CUREFC1)+ w?QEFclN
)

Eq. 9 here is identical to [2, eq. (40)] with N = 1 and shunt
capacitor (C> in [2]) removed. By substituting z—1 = ¢* TrEF —
1 = sTrer in Eq. 8, the s-domain transfer function can be
written:

Kvcolcpi cholcpz Trer (1+a)
0o (s) WON TS N o (10)
0: (s) <2 Kvcolcpi TREF(1+a) Kvcolcpi *
A R .t TmoN

The equivalent sample-reset loop filter resistance, Rp sg,
damping factor ¢, and natural frequency w, can be defined
as:

Trer (1 +a)
Rp,skr = — Y o=

__ Rpsr [IcpiCiKvco

CT T VT N
_ Trer (1 +a) [IcpiCiKyco
B 2C 27 N

And if a >>1:
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Fig. 9. Block diagram of the proportional charge-pump.

The loop gain LG(z) can be derived from Eq. 8 as:

2rKycolcpi _ Kycolcri
2ekveglets 4 (; — 1) Kycolest 2z (1 + a)

C|N
LG (z) = —2EL (13)
(z— 17
Note that Eq. 8 must be amended to account for loop delay:
7 LG(z)z P
b (z) (2)z (14)

0; (z) 14+ LG(zx)z7LP"

where LD is the effective loop delay normalized to Trgr.
It represents the sum of the delays introduced in the loop,
including the clock distribution, feedback divider, and CLK
IN block. Nonzero LD widens the passband for reference
clock noise (Fig. 5) and exacerbates peaking (a proxy for loop
instability), especially at high bandwidth settings. However,
LD decreases when Icpp, (and hence bandwidth) increases: in
simulation, increasing Ic pp by 3.5 times cuts our LD roughly
in half: a good omen for wide-bandwidth operation.

IV. CIRCUIT DESIGN AND IMPLEMENTATION

In this section, we elaborate on the key building blocks of
proposed PLL, including the VCO, switched capacitor loop
filter, charge pumps, IrefGen, and the feedback divider.

A. Ring-Based VCO

The VCO (Fig. 6) is a 5-stage inverter-based ring oscil-
lator (RO) with PMOS current starvation. Its AC-coupled
PVA is sized for full-rail output swing with 1%/ duty cycle
variability at all configurations of interest. Digital controls
set the electrical width of the starvation device (32 settings)
and the amount of P-type gate load (8 settings) exposed to
each RO stage. These knobs provide a wide space for tuning
frequency range, Ky co, and phase noise: they are intended for
one-time calibration and need not be adjusted in the field. The
current source’s starvation PMOS device flicker noise power
spectral density is inversely proportional to its area [14]. Since
FinFETs are fixed in length and width [7], [8], realizing the
desired starvation area requires a significant series-parallel grid
of unit cells. A 2.5pF capacitor, laid out in a ring around the
RO, provides low-latency stiffening of virtual supply Vgo.
The dominant input for deterministic jitter (Dj) is supply
noise on VCCpyrr, which can reach 3% without an LDO.
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Fig. 10. The IrefGen circuit implementation and the simulated results for
fast, slow, typical corners with temperatures of —40°C to 110°C.

Our simulation and measurement indicate the VCO supply
sensitivity is about 6.4ps/mV. Thus, with 30dB of total PSRR
and a 3% supply noise from a 1.2V LDO supply, VCCpr
noise is 1.1mV which results in Dj of 7ps.

As shown in Fig. 7, Ve is referenced to VCCpyp instead
of ground to stabilize the starvation device’s Vgs. We also
introduce controlled amounts of series routing resistance at
the starvation device’s source in layout (capitalizing on the
14nm FinFETSs’ low thresholds) to further insulate Vgo from
VCCpprr. The result is over 20dB of intrinsic VCO PSRR
at 2.4GHz; even allowing guard-band for further process
variability and other operating frequencies, we can still relax
the LDO’s design target to a mild 15dB.

B. Switched-Cap Sample-Reset Loop Filter

The modified switched capacitor SRLF is shown in Fig. 8.
Vsgr is simply reset to VCCpr/2, giving the proportional
UP and DN pumps equal voltage headroom when firing. The
reset current is programmable (the intent being higher strength
at higher frrr), and power-gated during the evaluate phase
to save nearly 50% of the loop filter power. Reset un-gating
precedes CP events by about 200-300ps (see Fig. 8). C2/C
is around 1/50, and bounded below by limits on maximum
Ic pp and phase error. A small C3 cap at the VCCpp1 /2 node
reduces local voltage ripple when the power gating switches
turn ON from OFF.

At 4GHz output frequency, the PLL transient simulation
with fregr = 100MHz indicates Vcry ripple is smaller
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than 0.ImV at steady state. The proportional path is tanta-
mount to the series resistor Rp in a conventional R-C loop
filter as in Eq. 11; Rp sg is tunable via the separate controls
for Icpp and Icp;. In principle, when Icp, is increased to
extend the PLL bandwidth, /cp; should be adjusted accord-
ingly to retain loop stability.

C. Charge-Pumps

The proportional and integral charge-pumps share the same
topology (see Fig. 9). They receive Igpr into a tunable
diode-connected NMOS, and mirror it through a charge-
pump replica bias to produce the UP/DN currents. To limit
subthreshold leakage in the OFF state, T-switches driven by
non-overlapping clocks derived from UP and DN are used in
each CP branch. The CP replica bias contains power gating,
and must awaken and stabilize prior to a UP/DN event. To
achieve this, the PFD UP and DN signals are delayed by
approximately 200ps before passing them to the CP. During
the delay window, a CP enable pulse primes the replica bias.
CP enable falls with the de-assertion of the delayed UP and
DN. When the PLL is settled, this puts the bias in power-
saving mode for more than 95% of the time. Taken together,
the CP and SRLF power gating features save more than 10% of
the total PLL power for a 100MHz reference. Devices are sized
so charge pump current variation is <5% when Igrgpr =25uA.

D. Reference Current Generator (IrefGen)
The IrefGen, shown in Fig. 10, constructs /g by moving
a given amount of charge per input clock cycle:

Irer = Vrer - 2Cx - fck - P (15)

where P is the output mirroring ratio. In equilibrium, that
charge is removed and replenished every cycle from the
large Cy, which works in tandem with LPF1 and LPF2 to
filter transient noise from switching activity. A PMOS output
driver is chosen for its smaller minimum voltage drop (Vpson)
than the NMOS in [15] (Vi;, > Vpson). Across PVT corners,
not including Cx variation, the variability of the converged
IREF 18 <4%, settling in <200ns and <700ns for 100MHz
and 19.2MHz reference clocks, respectively (see Fig. 10).
To improve settling time, the R’s of LPF1 and LPF2 are
bypassed during the startup.

The same type of unit capacitor cells are used to construct
Cyx as are used for PLL’s main Cy and C», cancelling system-
atic variation from the quantity (/cp/C) that governs PLL’s
dynamics. Therefore, we may say that Cx and P terms in Eq.
15 are ratio-metrically precise. fck is also precise insofar as
the PLL’s input clock is stable, and in Adaptive mode that the
PLL has attained frequency lock.

The primary remaining source of error is Vggp, derived
from VCCpr via DrgF through a resistor-ratiometric DAC.
Although Irgr has low-pass filtering to combat VCCpyp
ripple, and VCCpyp itself sees some regulation benefit from
its LDO, those seeking greater independence for Igrgr may
wish to derive Dgrpr instead from a bandgap reference or
similar structure.

| [ I I
Ratio[1] Ratio[3:2] Ratio] 7:4] FracRatio Ratio[0]

Fig. 11.  Low-power feedback divider block diagram.

Fig. 12.

PLL die photograph.

E. Feedback Divider

The feedback divider (Fig. 11) consists of a 7-bit binary
down-counter plus an additional flop+latch output module.
Based on whether the Ratio word is even or odd, and the
current state of clkout, the counter either counts down to
1 or 0, whereat it is reloaded with Ratio/2. Reloading also
toggles the output flop, with the latch value trailing by an input
clock phase. The level of the latch, ANDed with Ratio[0],
conditionally delays the falling edge of clkout for near-50%
output duty cycle at all Ratio settings.

This behavior supports integer ratios 2-255. To produce
“half-integer” ratios 2.5-255.5, a mux upstream of the divider
core may optionally insert an extra clkin phase once per clkout
period by inverting the divider core’s clock. Half-integers
are useful both for constant-frequency applications, and for
reducing feedback pattern jitter in multi-modulus operation
(for fractional and/or SSC synthesis). Multi-modulus operation
is further facilitated by the divider’s indifference to the Ratio
word except at the moment of counter reload.

Active power is mitigated by breaking the counter’s clock
into segments, whose enables are simply the borrow-out of
the segments immediately below. Besides reducing clock
toggling in buffers and sequential logic, this saves data
power via simplified intra-segment logic while accounting
for the mindelay-protecting latches inserted on the clock
gate enables. At 4GHz (100MHz x 40) and 0.95V, simulated
power consumption is less than 300u'W across PVT.

F. Measurement Results

The PLL was fabricated in Intel’s SoC/microprocessor
l4nm FinFET CMOS technology. Die micrograph is
shown in Fig. 12. It occupies an active area of 0.021mm?
(116pm x 185um). The loop filter, charge-pumps, IrefGen,
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TABLE I

PLL PERFORMANCE SUMMARY AND COMPARISON

This Work T. Tsai L. Kong J. Liu N. August | A. Elshazly
1SSCC'15 ISSCC'15 ISSCC'14 ISSCC12 | VLSI12
. ADPLL TDC Analog BB-DPLL
Architect Type Il Ch P PLL ADPLL BB-DPLL
rehtiecture ype T Lharge Fump IntNMode | Typel | Int-NMode
Technology 14nm 16nm 45nm 20nm 22nm 130nm
Core Area (mm2) 0.021 0.029 0.015 0.012 0.017 0.2
PLL Supply (V) 0.95 (0.6-0.95) 0.520.8 1 0.9 1 1.1
Reference (MHz) 100 100 100 19.2 100 22.6 25 100 375
Output (GHz) 4 16 | 08 | 24 | 3(0.254) | 2.4(2-3) [1.6(0.025-1.6)] 3.2(0.3-3.2)| 1.5(0.82)
Integrated RMS Jitter (ps) | 1.59 [ 3.02 | 582 | 2.99 2 0.97 28 31 3.2
Power (mW) 2.6 1.1 0.7 1.8 6.10 4 31 34 1.35
FoM (dB) -231.9 | -230.1 | -226.1 | -227.9 -226.1 -234.1 -206.1 -224.9 -228.6
FoM=10-log((ogys /15)*(Power/1mW))
PLL Transfer Function 45
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Fig. 13.  Measured PLL transfer function overlaid with proposed model
(fREF = 19.2MHZ). Measured BW—3dB of 0.09 fREF5 0.32 fREF5 0.42
fREF, and 0.49 frEp.
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Fig. 14. Lock repeats for >50 times overlaid. fgg r is 19.2MHz for —3dB
PLL bandwidth of 42% frErF.

and VCO occupy approximately 35%, 25%, 15%, and 8%
respectively. The nominal supply ranges from 0.6V to 0.95V,
with corresponding output frequency ranges of 0.2-1.8GHz
and 0.4-5GHz, respectively. The following results consist
of PLL lock time statistics, bandwidth, jitter and power
consumption under different conditions; unless otherwise
stated, a 0.95V supply voltage is used. Figure 13 shows

AMKr1 -19.20 MHz

19Bid__Ref 11.10 dBm 51.546 dB

142
L]

Center 1.20000 GHz
#Res BW 56 kHz

Span 50.00 MHz

VBW 56 kHz Sweep 60.8 ms (1001 pts)

Fig. 16.
19.2MHz.

Measured PLL reference clock spur of -51.5dB with frpr =

measured PLL transfer functions superimposing the analytical
model of Eq. 14 for different —3dB bandwidth settings of
0-09'fREF’ 0-32'fREF, 0-42'fREF’ and 0~49'fREF-

In each case, LD has been adjusted to fit the observed
change in Icp, (down to 0.2 - Trer at 0.49-frer). Using
a 19.2MHz reference clock, the measured —3dB bandwidth
for 0.42-frpr and 0.49-frpr settings are 8.1MHz and
9.5MHz with transfer function peaking <2.4dB and <4dB,
respectively.
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Fig. 18. Measured phase noise for I00MHz reference and fyco = 4GHz
(divided-by-2). The RMS jitter is 1.588ps integrated (100kHz to 1GHz).

Figure 14 shows the frequency lock trajectory (blue) super-
imposed with a persistence plot of the Lock indicator for
>50 PLL relock events, which is used in HVM testing. The
trajectory of fyco/2 mirrors that of the control voltage, Verp.
Upon PLL enable, the startup circuit initially pulls Verp
toward VCCpprp/2. The lock time for frpr =19.2MHz,
measured from PLL enable to Lock, averages 3us (55 refer-
ence cycles) with a standard deviation of 0.23 us (4 reference
cycles). At frer =100MHz, lock time improves to 1us.

The impact of the charge pump current variation on the
high bandwidth PLL transfer function is measured and the
results are shown in Fig. 15 for frrgr =19.2MHz and
fvco =2.4GHz. For —3dB bandwidth of 0.42- frgpr, when
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Fig. 19. Measured PLL power and integrated RMS jitter in Mode Adaptive
with frRgp = 100MHz across fyco range of 0.2-1.8 GHz under a 0.6V supply.
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Fig. 20. PLL diagram with SSC/fractional-N capability.

only Icp; is increased by 6.3%, the measured PLL —3dB
bandwidth increases by 0.7%, and the peaking increases by
-+0.08dB. In the case where Icp) (or Icpp/Icpi) is increased
by 10% while the reference Icp; unchanged, the measured
PLL —3dB bandwidth changes by +4% and the corresponding
peaking changes by +0.7dB. The amount of Icp; and Icpp
(or Icpp/Icpi) variation are based on post-layout simulation.
The measured phase noise at 0.42-frpr —3dB bandwidth
indicated 3ps integrated RMS jitter.

In typical usage, the PLL bandwidth is targeted to 0.3- freF
or lower, in consideration of the balance between reference
clock noise versus self-noise, and the desire for transfer
function peaking separation of PLLs in cascade. The measured
reference spur is -51.5dB, shown in Fig. 16, where the PLL
bandwidth setting is 0.06- frer, and output is 2.4GHz. The
smaller spurs at frrr/2 shown in Fig. 16 are due to RC
mismatch between the Cap and Cop paths. For performance
on demand, processor core clocking can change operating
frequencies via feedback ratio (N) settings.

Using Adaptive IrefGen with a 100MHz reference, we
obtain the power, integrated RMS jitter, —3dB bandwidth,
and transfer function peaking measurements shown in Fig. 17
by holding all settings except N. The measured —3dB
bandwidth is 13.6£2.7MHz with 1.84+0.4dB peaking for
0.8-4GHz, demonstrating how Mode Adaptive manages
the N-independent loop dynamics before Kycp rolls off
(fvco<0.8GHz or >4GHz). The PLL consumes 0.5-3mW
across 0.4-4.4GHz output frequency. Shown in Fig. 18 is
the measured output phase noise spectrum. The measured
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TABLE 11
DATA SHOWING PLL MEETS PCIE GEN2/3 JITTER SPECIFICATIONS

PCle Gen2 | Measurement | PCle Gen3 | Measurement
Spec @5GHz (5Gb/s) Spec @4GHz (8Gb/s)
Tj (ps) (BER=10") <50 18.16 <30 15.1
Rj (ps) <1.43 1.20 <1 0.91
Dj (ps) <30 1.03 <16 2.10
PLL Bandwidth (MHz) 8-16 9 2-4 3
PLL Power (mW) 3.5@0.95V 2.6@0.95V

integrated RMS jitter (from 100k to 1GHz) is 1.6ps at 4GHz
output frequency from a 100MHz reference clock using the
previous control settings. The 100kHz tone and its harmon-
ics are due to the test-setup system/equipment, and are not
intrinsic to the PLL.

The corresponding figure-of-merit (FoM) of -232dB
and -226dB at 4GHz and 800MHz output frequencies, respec-
tively. The FoM declines rapidly from 1.6GHz to 800MHz
due to the rapid reduction in the current-starved ring oscillator
swing and lower PLL bandwidth. To demonstrate control
flexibility, we reconfigure the PLL for usable fyco past the
Kyco roll-off point around 4GHz and operate the PLL at
5GHz while consuming 3.5mW. Reconfiguring for operation
at low VCCprr(0.6V; Fig. 19), the PLL demonstrates fyco
of 0.2-1.8 GHz while consuming 0.27-0.7mW for frpr =
100MHz. With frpr = 19.2MHz, the range extends further
to 153.6MHz (N=8) where the PLL consumes only 170uW.

The PLL diagram with SSC capability is illustrated in
Fig. 20 with multi-modulus operation which modulates
the feedback divider in half-integer steps, and the supple-
mental loop filtering (third pole) enabled to suppress the
DSM-induced quantization noise. No duty cycle correction
is applied. The measured SSC output spectrum is shown in
Fig. 21 for a 19.2MHz reference as in a typical SoC clock
generation hub. The observed EMI reduction is 17.3dB when
a 2.4GHz output is down-spread by 5000ppm.

Table 1 summarizes the measured performance and
compares the results to state-of-the-art ring-based
PLLs [3], [5], [16]-[18]. The same PLL, with reconfigured

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS-I: REGULAR PAPERS

controls, can contend with LCPLLs — which have higher
power and lower jitter — for meeting PCle Gen2/Gen3 jitter
specs [19], shown in Table 2.

The measured jitter in Table 2 (Rj/Dj/Tj) are obtained
using a real-time oscilloscope where built-in analysis separates
the random and deterministic jitter (Rj/Dj) from the total
jitter 7j assuming a bit error rate (BER) of 1072, For
Gen2 (5Gb/s), the VCO is run at SGHz with measured 7j
around 20ps, versus the 50ps specifications. For Gen3 (8Gb/s),
the VCO is run at 4GHz to drive a quadrature-generating
DLL. Here, measured 7j is about 15ps versus the 30ps spec.
Both measurements use the PCle-specified noise high-pass
filter, and both scenarios yield PLL transfer function peaking
less than 2dB.

V. CONCLUSION

We have presented a flexible, low-power, high-performance
charge-pump-based PLL. It can address an array of SoC and
CPU clocking needs through wide input- and output-frequency
range, highly tunable behavioral parameters (including viable
performance at a bandwidth over 40% of frgp), ratio-
independent bandwidth to support rapid frequency changes,
and multi-modulus operation for SSC applications. In our
design, the higher bandwidth is enabled due to lower control
voltage ripple and less loop delay.

The proposed PLL performance satisfies the stringent PCle
Gen2/Gen3 jitter specs without the need for inductors, while
also supporting ultra-low power internet-of-things (IoT) uses
via its low VCCpypp floor. This PLL, which is deployed
in multiple Intel SoCs, tallies a FoM of —226dB to
—232dB with a frequency range 0.8-5GHz, while consuming
only 0.7-3.5mW from 0.95V; or 270—710uW from 0.6V
for 0.2-1.8 GHz.
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