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Mobile time-keeping applications require small form-factor, tight frequency 
stability, and micro-power 32.768kHz clock references. Today’s 32kHz quartz
resonators and oscillators are facing challenges in size reduction [1,2].
Previously described MEMS-based oscillators can achieve tight accuracy but
operate at high frequency with power unsuitable for mobile applications [3]. This
paper introduces a 32kHz MEMS-based oscillator. Based on a comparison table
of recent oscillators shown in Fig. 12.9.6, it offers the smallest size,
1.55×0.85mm2, with the best frequency stability, 100ppm (XO) and 3ppm
(TCXO) over the industrial temperature range of -40 to 85°C. Supply current is
0.9 and 1.0μA for XO and TCXO, respectively, at supply voltages from 1.5 to
3.6V.

A simplified block diagram of the MEMS-based oscillator is shown in Fig. 12.9.1.
A 524kHz MEMS resonator and sustaining amplifier provide a frequency 
reference to a programmable fractional-N synthesizer, which in turn generates
an accurate 32kHz output. The oscillator can be configured in either XO or TCXO
mode. In XO mode, the fractional-N synthesizer compensates for the frequency
inaccuracy due to process variations through a 2nd-order digital Delta-Sigma
Modulator (DSM). In TCXO mode, a temperature-to-digital converter (TDC) and
a 3rd-order polynomial additionally compensate frequency variation over 
temperature.

The capacitively transduced 524kHz MEMS resonator, shown in Fig. 12.9.2, has
the following electrical characteristics: nominal quality factor (Q) of 52,000,
nominal motional impedance (Rm) of 40kΩ, and resonant frequency variation of
<100ppm over -40 to +85°C. The resonator is biased using a Charge Pump (CP)
that triples a 1.2V regulated supply. A Pierce sustaining circuit maintains oscil-
lation with a sub-threshold inverter. An Automatic Gain Control (AGC) [1]
adjusts the gm of this inverter at start up and over PVT variations. A series drive
capacitor (CDrive) is trimmed to compensate Rm variation over production. The
total current consumption of the MEMS sustaining circuit and the CP is 240nA.  
Figure 12.9.3 shows the block diagram of the PLL and temperature-
compensation path. The MEMS frequency is divided down to 32kHz by DSM
controlled pre-divider. The PLL bandwidth is set to 1kHz to minimize the noise
contribution from the pre-divider and the VCO. The VCO is a current-controlled
ring oscillator with a nominal frequency of 262kHz. The current consumption of
the PLL, including DSM, is 290nA. 

In low-power mode, shown in Fig. 12.9.3, the PLL can be disabled and the 
output derived from the DSM controlled pre-divider. This introduces additional
output jitter, but is not detrimental in applications that count pulses, e.g., 32,768
pulses to define one second. This low power XO mode (LPM) reduces chip 
current to 0.6μA for 1Hz rail-to-rail output clock with no external load.

The TDC shown in Fig. 12.9.3 employs a BJT-based temperature-sensing
element [4]. This produces a PTAT voltage ΔVBE=VBE2-VBE1, using two equally
sized BJTs biased with different currents I2 and I1 with a ratio of ρ. A 2nd-order
ΔΣ modulator provides a digital bitstream whose average value is proportional
to (α.ΔVBE)/VBG, where VBG=VBE1+α.ΔVBE. α and ρ are chosen to create a 
temperature-independent VBG. To improve its accuracy and robustness, the TDC
employs dynamic element matching in the BJT current sources, correlated 
double sampling in the first integrator, and chopping at the system level.

The TDC operates at a sampling frequency of 262kHz with an over-sampling
ratio of 192. Each conversion takes 6ms with a current consumption of 4.5μA.
This current consumption includes that of the decimation filter, digital filter, and
clock generator. The resolution of the stand-alone TDC is 25mK/Conversion
leading to a figure of merit (Energy/Conversion x Resolution2) of 24pJ°C2 [5].
The TDC update rate is reduced by duty-cycling, but still guarantees <1ppm error
during a 1°C/s temperature ramp. Clock gating in the digital circuitry is used to
save power when the TDC is inactive. Figure 12.9.4 shows the current profile of
the temperature-compensation engine. It takes 1ms for the BJT core and 
modulator to initialize, 6ms for two back-to-back conversions at 25°C, and 2ms
to evaluate the polynomial. Two conversions are necessary for the system-level
chopping. Duty cycling reduces TDC conversion rate to 3S/s and the average
current to 100nA.

Replica biasing is employed in the digital regulator to guarantee timing closure
over process and temperature. The replica structure in Fig. 12.9.3 consists of a
series stack of NMOS and PMOS that matches the gates used in the standard
cells. Driving a constant current into this series stack generates a voltage
(VGSref) that results in a constant slew rate, and hence speed, in the digital gates.
A resistor (Rset) adds output voltage margin to this replica structure. VDDdig is
generated using an open-loop unity gain buffer that ensures stability over all load
conditions.

There are two options for the output driver: a rail-to-rail CMOS and a low-swing
driver. With a low-swing driver, the CVF current can be reduced by Vswing/VDD. As
shown in Fig. 12.9.3, the driver has two regulators which together control its
output swing. CMOS transmission gates are used to alternate between 
independently programmable Vtop and Vbottom. Capacitive charge sharing gener-
ates fast output transitions followed by slow single pole settling from the 
regulators. To further reduce the output driver power consumption, the output
frequency can be divided down to 1Hz in powers of 2. 

Shown in Fig. 12.9.5, measured frequency stability over temperature (-40 to
+85°C) is less than 100ppm for 85 XO devices and less than 3ppm for 45 TCXO
devices. TCXOs are trimmed individually at several temperature points. Figure
12.9.5 also shows the hysteresis measured over 14 temperature cycles and
tracking performance in the presence of a temperature transient as fast as
1.7°C/s on a TCXO device. 

System performance is tabulated in Fig. 12.9.6 and compared to that of existing
XO and TCXO devices. As shown, frequency stability over industrial temperature
range is improved compared to other works. The total current consumption of
this oscillator is 0.9μA and 1.0μA in XO and TCXO mode, respectively. The 
low-swing driver can be enabled to save power when driving external load
capacitance.  The low-power mode, with XO with PLL disabled, reduces the 
supply current further to 0.6μA. Figure 12.9.7 shows the 0.18μm CMOS die with
area of 1.2mm2 and MEMS die with area of 0.17mm2. The MEMS resonator is
flipped-chip bonded to the CMOS die in a 1.55×0.85mm2 chip-scale package
(CSP).
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Figure 12.9.1: Simplified block diagram of MEMS-based TCXO.  In XO mode,
TDC and polynomial temperature compensation blocks are disabled.

Figure 12.9.2: MEMS resonator, its bias (VB) and 524kHz sustaining oscillator
block diagram. RB is replica-biased transistor operating in sub-threshold.

Figure 12.9.3: The Fractional-N synthesizer including temperature-
compensation path, TDC, digital regulator, and low-swing driver.

Figure 12.9.5: Frequency stability vs. temperature for XO and TCXO, TCXO
Hysteresis, and its response to temperature ramp.

Figure 12.9.6: Performance comparison with previous low-power 32kHz XOs
and TCXOs.

Figure 12.9.4: Supply current profile in TCXO mode. TDC conversion rate is
3S/s.
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Figure 12.9.7: Micrograph of MEMS and CMOS dies and final CSP package.


