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Si4X3X FAMILY AND CRYSTAL OSCILLATORS

1.  Theoretical Background

The 30 MHz crystal oscillator of the Si4x3x family uses the crystal in parallel resonance mode. In this mode, the
resonator consists of the crystal itself and a “load capacitance”. Figure 1 shows this capacitance (CL) together with
the electrical model of the crystal.

Figure 1. Crystal in Parallel Resonance Mode

The most commonly-used names for the components in the crystal model are as follows:

 LX Motional inductance

 CX Motional capacitance

 RX Loss resistance

 C0 Pin / holder capacitance

The addition of CL detunes the mechanical resonator from the series resonance frequency, fS, determined here by
LX and CX.

fP = fS x (1 + CX / (2 x (C0 + CL)))

In order to get an accurate oscillation frequency, fP, it is important to provide the required amount of load
capacitance specified by the crystal manufacturer. Normally, CX is not given in the data sheets, and there is only a
maximum shown for C0. Typical standard values of CL are 10, 12, 16, 18, and 20 pF.
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1.1.  Load Capacitance Calculation

In order to reduce BOM and accommodate various crystal types, the Si4x3x family has an on-chip digitally-
programmable load capacitor. Its value can be calculated as the following:

CINT = 1.8 pF + 0.085 pF x xlc[6:0] + 3.7 pF x xtalshift

where xlc[6:0] and xtalshift are control bits in register 09h.

Note that the coarse shift bit, xtalshift, is not binary with xlc[6:0]. However, there are other capacitances connected
to the resonator as shown in Figure 2. The resulting load capacitance will be:

CL = CINT + CXTD + CXTI x CXTO / (CXTI + CXTO)

Figure 2. Resonator-Connected Capacitances

It is recommended to use crystals where CINT is sufficient to provide the required load capacitance and eliminate
any external capacitor. However, CXTD, CXTI, and CXTO will still be present as PCB parasitics, even when no
explicit external capacitors are used. A good design practice is to minimize these as much as possible by placing
the crystal close to the XIN and XOUT pins and removing the ground from below the connecting traces.

If, for any reason, this is not possible, any additional external capacitor should be connected between XIN and
XOUT, keeping CXTI and CXTO as small as possible. Current flowing through these capacitors to the ground can
modulate the supply voltage and cause N x 30 MHz spurs in the PLL output spectrum.
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1.2.  Startup Condition

The oscillation can build up if the active circuit can compensate for the losses in the resonator, represented here by
RX. This also depends on the total amount of capacitance parallel with the mechanical resonator, namely
CTOT = CL + C0. The design should be based on the given maximum C0 and RX. Unfortunately, these are both
specified with a wide margin; typical values are normally below 50% of the maximum. The graph shown in Figure 3
can be used as a guideline to check the safe startup area as a function of RX and CTOT. This graph is based on
simulation results using worst-case IC production tolerances and worst-case temperature. It is the responsibility of
the user to consider the necessary safety margin based on the criticality of the application. Careful evaluation and
testing of each individual case is strongly recommended.

Figure 3. Safe Startup Area

1.3.  Startup Time

In the Si4x3x family, startup time is defined as the period from the enabling of the crystal oscillator to the availability
of the reference clock for all internal blocks. This can be checked by bringing out the microcontroller clock (divided
from the reference clock) onto one of the GPIOs.

The required time depends on the Si4x3x device itself and the operating temperature, but, more importantly, it is a
complex nonlinear function of the resonator Q, RX, and CTOT, and, as such, it is very crystal-dependent. As RX and
C0 are specified with a wide margin and Q is usually not specified at all, it is possible to give a typical startup time
only for a given individual piece of crystal.

Silicon Labs has measured one such "golden" crystal and found the following measured parameters:

 LX = 9.7934 mH (determines Q with RX)

 RX = 21.04  (max spec is 50 )

 C0 = 1.646 pF (max spec is 3 pF)

With this reference crystal and the required CL = 10 pF, the crystal oscillator of a typical Si4x3x will start up within
500 µs at room temperature. All crystal oscillator settings except the required CINT tuning are left at default.

Beyond this, it is only possible to use the following rule of thumb: the lower CTOT and RX are, the faster the startup
will be.
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1.4.  Recommended Crystal Types

The 30 MHz crystal types listed in Table 1 have been utilized in our reference designs, and either one of these (or
other types with comparable parameters) are suggested for use.

1.5.  Accuracy Requirements

The frequency of the crystal oscillator determines the RF carrier frequency during transmission (TX) and the local
oscillator frequency during reception (RX). Errors are caused by:

 Initial (production) tolerance

 Changes due to varying CL (pulling)

 Temperature dependency

 Aging (per year)

All these numbers are on the order of 1–100 ppm. The graph in Figure 4 shows the temperature characteristics of
the reference frequency, using the various recommended crystal types. In each case, the oscillator has been tuned
to (nearly) 30 MHz at room temperature. Setting CINT has been done by loading the given hexadecimal values into
the control register.

Figure 4. Crystal Frequency vs. Temperature

Table 1. 30 MHz Crystal Types by Manufacturer

Manufacturer Type CL (Required)

Siward SX2520 12 pF

TST TZ1430E 10 pF

River FCX-04 8 pF

NSK NXK-30 12 pF

NDK NX2016SA 30 MHz 
EXS00A-CS06568 

10 pF
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Most of this temperature dependency comes from the crystal itself, and the curves shown are typical for AT-cut
crystals. Other cuts have parabolic frequency error vs. temperature curves and very small frequency error gradient
around room temperature but, compared to the AT-cut, significantly larger overall frequency variation across
extended temperature ranges.

Government regulations control the necessary TX accuracy. Generally, there are no such rules for RX. However,
mismatch between the TX and RX frequencies degrades the quality of the RF link.

1.6.  Using an External Oscillator

In several narrow-band systems, the accuracy requirements cannot be achieved without compensating the
temperature dependency of the crystal itself. A cost-effective method would be to utilize the on-chip temperature
sensor and digitally adjust CINT (i.e. CL) with a suitable software control loop. A more accurate (and more costly)
solution is to use a TCXO (temperature-compensated crystal oscillator).

It is possible to use the Si4x3x family with an external reference source. The suggested connection is shown in
Figure 5. The crystal oscillator should be enabled, and CINT should be programmed to its minimum value. XIN (not
shown) should be left open.

Figure 5. Si4x3x with External Reference Source

Since XOUT is internally dc-biased, ac coupling is required. Another function of CCPL is to set the right clock signal
level on XOUT. The internal clock buffer operates from a regulated 1.5 V supply voltage. Typically, the TCXO will run
from a separate regulated voltage or even from an unregulated battery voltage and provide rail-to-rail output. A low
signal level on XOUT can cause increased reference clock jitter, i.e. PLL phase noise degradation. An excessively
high signal level can damage the internal circuitry. The capacitive divider formed by CCPL and CINT should be
dimensioned to provide a 0.8–1.6 Vpp signal amplitude under all conditions.
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