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Intended Audience

This document is intended for system design engineers using the Intel® 1XP42X Product Line of
Network Processors and 1)XXC1100 Control Plane Processor product line. System designers are
required to address clocking components where either a crystal oscillator or a CAN oscillator
generate the reference clock for the processor. This documentation addresses the crystal
configuration because of the uniqueness in the layout and selecting the proper load capacitance for
operation.

In this document, the term “Intel® 1XP42X product line” is used to refer to both the Intel® 1XP42X
Product Line of Network Processors and I)XC1100 Control Plane Processor.

Overview

This document provides a method for determining the crystal solution for the Intel® IXP42X
Product Line of Network Processors and 1XC1100 Control Plane Processor family of processors.
The Intel® 1XP42X product line contains a circuit that is commonly referred to as the on-chip
oscillator for generating the reference frequency. The on-chip circuitry is not in itself an oscillator,
but an amplifier that is suitable for use as the amplifier part of the feedback circuit with a crystal
and load capacitance. This application note describes crystal selection and system design layout
techniques for connecting a 33.33 MHz crystal to the Intel® IXP42X product line. It also describes
how crystal oscillators work in a practical manner and how different crystal parameters affect the
start-up and performance of the system.

Crystal Oscillator Theory

A feedback oscillator amplifies its own noise and feeds it back in exactly the right phase, at the
oscillator frequency, to build up and reinforce the desired oscillations. The ability to do that
depends on the oscillator’s loop gain. First, oscillations can occur only at a frequency for which the
loop gain has a phase angle of 0 degrees. Second, build-up of oscillations will occur only if the
loop gain exceeds 1 at the frequency. Build-up continues until nonlinearities in the circuit reduce
the average value of the loop gain to exactly 1. [Reference 1]

Start-up characteristics depend on the small-signal loop gain of the circuit. Steady-state
characteristics of the oscillator depend on the large-signal properties of the circuit, such as the
transfer curve (output voltage versus input voltage) of the amplifier, and the clamping effect of the
input protection devices.

Figure 1 shows the configuration of the positive reactance oscillator. The inverting amplifier,
working into the impedance of the feedback network, produces an output signal that is nominally
180 degrees out of phase with its input. The feedback network must provide an additional 180
degrees phase shift, such that the overall loop gain has zero (or 360) degrees phase shift at the
oscillation frequency.
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Figure 1.
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Positive Reactance Oscillator
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In order for the loop gain to have zero phase angle, it is necessary that the feedback element Z¢
have a positive reactance. That is, it must be inductive. Then, the frequency at which the phase
angle is zero is approximately the frequency at which:

1
X = =

where Xt is the reactance of Z¢ (the total Z¢ being R¢ + jX), and C is the series combination of Cy
and Cy as shown here:

In other words, Z¢ and C form a parallel resonant circuit.

If Z; is an inductor, then X; = al, and the frequency at which the loop gain has zero phase is the
frequency at which:

o = =
oc
or
oo L
JLc

Normally, Z; is not an inductor, but it must still have a positive reactance in order for the circuit to
oscillate.
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3.1 Crystal Parameters

Figure 2 shows an equivalent circuit that is used to represent the crystal analysis.

The Ry — L, — C4 branch is called the motivational arm of the crystal. The values of these
parameters derive from the mechanical properties of the crystal and are constant for a given mode
of vibration.

Figure 2. Quartz Crystal: Symbol and Equivalent Circuit
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C, is called the shunt capacitance of the crystal. This is the capacitance of the crystal’s electrodes
and the mechanical holder. If one were to measure the reactance of the crystal at a frequency far
removed from a resonance frequency, it is the reactance of this capacitance that would be
measured. A normal value for reactance is 3 to 5 pF.

The series resonant frequency of the crystal is the frequency at which L, and C are in resonance.
This frequency is given by:

1

fg = —t
* o LG,

At this frequency, the impedance of the crystal is R in parallel with the reactance of C,. For most
purposes, this impedance is taken to be just Ry, since the reactance of Cg is so much larger than R;.

3.2 Load Capacitance

A crystal oscillator circuit such as the one shown in Figure 1 (redrawn in Figure 3) operates at the
frequency for which the crystal is antiresonant (i.e., parallel-resonant) with the total capacitance
across the crystal terminals external to the crystal. This total capacitance external to the crystal is
called the total capacitance.

AN Crystal Design Considerations January 2005
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Figure 3.
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As shown in Figure 3, the load capacitance is given by:

_ CX1CX2

= +C
L Cy1 +Cyy STRAY

The crystal manufacturer needs to know the value of C, in order to adjust the crystal to the
specified frequency.

Load Capacitance
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The adjustment involves putting the crystal in series with the specified C;, and then trimming the
crystal to obtain resonance of the series combination of crystal and C, at the specified frequency.

Because of the high Q of the crystal, the resonant frequency of the series combination of the crystal
and C,_is the same as the antiresonant frequency of the parallel combination of the crystal and C, .
This frequency is given by:

f o= 1
a =
o L,C,(CL+Cyp)
Ci+C +Cy

These frequency formulas are derived from the equivalent circuit of the crystal, using the
assumptions that the Q of the crystal is extremely high, and that the circuit external to the crystal
has no effect on the frequency other than to provide the load capacitance C, .
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Crystal Start-Up Time

Oscillator start-up times are highly dependent upon crystal characteristics, PC board leakage, and
layout. High ESR and excessive capacitive loads are the major contributors to long start-up times.
Start-up problems are normally associated with Cy4 and Cx, being too small or too large for a
given resonator.

Crystal Specification

Now that we are equipped with a basic understanding of different components that make up a
crystal oscillator, we need to consider the suitable elements that work with the Intel® 1XP42X
Product Line of Network Processors and 1XC1100 Control Plane Processor. The only components
needed to achieve oscillation are the crystal and capacitance loading. The feedback resistor is part
of the amplifier circuitry within the Intel® IXP42X product line.

In this document, the term “Intel® 1XP42X product line” is used to refer to both the Intel® 1XP42X
Product Line of Network Processors and I)XC1100 Control Plane Processor.

A typical crystal manufacturer data sheet has the following information: Frequency, Load
capacitance (C ), Frequency Tolerance, Frequency stability over temperature, ESR, and Shunt
capacitance (Cp). Table 1 on page 10 summarizes the crystal specifications for the Intel® IXP42X
product line.

Frequency component is the fundamental frequency that is commonly known as the reference
clock for the processor. The reference frequency generates all the other clocks for the entire
processor. Since this frequency is the reference clock for all internal and external clocks within the
Intel® IXP42X product line, it is important that the reference frequency is set to 33.33 MHz. Any
deviation away from 33.33 MHz will cause the same percentage deviation on the other clocks.

Load Capacitance or capacitance loading (C, ) is the capacitance across the crystal terminals. As
shown in Figure 3, this is the combination of the Cyx,, Cx,, and the stray capacitance of the PC
board (Cstray)- This value should be limited to 10 pF.

Total capacitance (Cogc OLg) is the capacitance seen on the out terminal of the Intel® IXP42X
product line. Since the Intel™ IXP42X product line was designed for higher performance and low
power, the output drive strength of the OSC_OUT was designed for a small output load so the
overall power consumption was reduced. This means that we need to limit the total load that the
OSC_OUT sees during operation and so that the proper gain is estimated during start-up. The total
load (Cosc ouT) can not exceed 15 pF on the output terminal of the OSC_OUT pin as shown here:

(Csrray +Co)Cxa
(Csrray +Cp) +Cxy

Cosc_out = Cxa +

The PC board will need to limit the stray capacitance to no more than 5 pF in order to keep the total
capacitance less than 15 pF.

Frequency tolerance is the allowable frequency deviation plus/minus the specified crystal
frequency. It is specified in parts per million (PPM) at a specified temperature. For the Intel®
IXP42X product line, this is 50 ppm at all temperature conditions.

Crystal Design Considerations January 2005
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Equivalent Series Resistance (ESR) is the resistance that a crystal exhibits at its operating
frequency. The ESR value should not be greater than 20 ohms. In a parallel resonance mode, the
ESR is given by:

Co\2
ESR = R1(1+C—)
L

Shunt capacitance (Cy) is the capacitance of crystal’s electrodes and the mechanical holder. If you
were to measure the reactance of the crystal at a frequency far removed from a resonance
frequency, it is the reactance of this capacitance that would be measured. For the Intel® IXP42X
product ling, it is required to limit the shunt capacitance to 4 pF.

Crystal Specifications

Parameter Symbol Min Typ Max | Units
Nominal Frequency Fo 33.33 MHz
g{:gmf;cy Tolerance / delta F/ Fy +/-50 | ppm
Load Capacitance CL 10 pF
Resonance Resistance ESR 20 Q
Shunt Capacitance Co 4 pF

Crystal Vendors

Table 2 shows the part numbers and vendors of recommended crystal oscillators that meet the
specifications stated in Table 1.

Crystal oscillators require that good system-level design practices be followed for reliable start-up
and oscillation. Follow the guidelines recommended in this document and contact Intel for part
numbers optimized for designs with crystal oscillators.

Layout is critical for considering which one of the recommended parts to use, whether surface

mount or through-hole. It is recommended to use crystal oscillators with C, = 10 pF and proper
Cx1 and Cy; as stated in Table 2.

Recommended Crystal Oscillators and Loading Capacitors

Load
Vendor Part Number Capacitance | Frequency | Mounting Cx1 Cx2
CL
ILSI America, Inc.* ILSI-C-1655 10 pF 33.33 MHz TH 10 pF +/-10%
ILSI America, Inc.* ILSI-C-1653 10 pF 33.33 MHz SMT 10 pF +/-10%
Ecliptek Corporation* ECX-5972-33.33M 10 pF 33.33 MHz TH 10 pF +/-10%
Ecliptek Corporation* ECX-5971-33.33M 10 pF 33.33 MHz SMT 10 pF +/-10%

NOTE: Ensure the crystal oscillator has an ESR <=20 ohm and C_ = 10pF.

Crystal Design Considerations AN
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Layout Design Guidelines

Care must be taken when placing the external crystal on the PC board layout, to ensure that noise is
not coupled onto the OSC_IN and OSC_OUT layout traces. The following guidelines will help
avoid the noise coupling issue:

1.

It is important to place the crystal as close as possible to the OSC_IN and OSC_OUT pins.
Keeping the trace lengths between the crystal and IXP42X as small as possible reduces the
amount of stray capacitance. Keeping the trace lengths small also decreases the probability of
noise coupling on the oscillator signal routes.

Keep the crystal trace width to the OSC_IN and OSC_OUT pins as small as possible. The
larger these bond pads and traces are, the more likely it is that noise can couple from adjacent
signals.

Signal traces should not run parallel to the clock oscillator inputs. Ensure that no signal on the
PC board runs parallel to or below the traces to the OSC_IN and OSC_OUT pins. The more
the crystal is isolated from other signals on the board, the less likely it is that noise is coupled
into the crystal. There should be a minimum of 5.0 mm between any digital signal and any
trace connected to OSC_IN or OSC_OUT. The minimum trace pitch between OSC_IN and
OSC_OUT is (1.27 mm x 2) 2.54 mm, where the minimum trace width is 0.3 mm.

. Itis important to note that the ground plane is the layer immediately below the top layer. This

helps isolate any stray noise away from the OSC_IN and OSC_OUT traces. Locating the
ground plane directly below the surface layer will improve the power supply connections and
the return path to the VSSOSCP pins.

. If possible, place a guard ring (connected to ground) around the crystal. This helps isolate the

crystal from noise coupled from adjacent signals.

Crystal Design Considerations January 2005
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7.0 PC Board Layout Examples
This section contains layout examples of the internal validation board where surface mount crystals
were evaluated.
Figure 4 shows the top layout view of the placement of surface mount crystal along with the
OSC_IN and OSC_OUT signal routing. It is important that the crystal is placed as close to the
IXP42X as possible.

Figure 4. Top Layout View of Surface Mount Crystal From Internal Validation Board
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Figure 5 illustrates the placement of the load capacitance for the crystal. This board design places
the load capacitance directly under the crystal.

Figure 5. Bottom Layout View of Load Capacitors from Internal Validation Board
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Figure 6 shows the layout view of both top and bottom layers of the validation board. It is
important to note that the ground plane is placed immediately below the top layer. This helps
isolates any stray noise away from the OSC_IN and OSC_OUT traces.

Figure 6. Top And Bottom Layers of Internal Validation Board

8.0 References

1. Williamson, T., Oscillators for Microcontrollers, Intel Corporation, 1983.
Downloadable at: http:\\www.intel.com

January 2005 Crystal Design Considerations AN
14 Order Number: 305588-001, Revision: 001


http:\\www.intel.com

	Intel® IXP42X Product Line and IXC1100 Control Plane Processor: Crystal Design Considerations
	1.0 Intended Audience
	2.0 Overview
	3.0 Crystal Oscillator Theory
	3.1 Crystal Parameters
	3.2 Load Capacitance
	3.3 Crystal Start-Up Time

	4.0 Crystal Specification
	5.0 Crystal Vendors
	6.0 Layout Design Guidelines
	7.0 PC Board Layout Examples
	8.0 References




