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T
emperature challenges the accuracy and stability 
of even the best-made crystal oscillators. For that 
reason, a precision temperature sensor is typically 
part of any high-precision quartz frequency source, 

helping to provide compensation for the effects of changes in 
temperature. In a temperature-compensated crystal oscillator 
(TCXO), for example, a thermistor is used in close proximity 
to the oscillator’s resonator, which is usually an AT-cut quartz 
crystal. Unfortunately, this temperature-correction approach 
suffers from inaccuracies due to thermal lag stemming from 
a difference of effective thermal time constants in crystal and 
thermistor, thermal gradients, and thermistor aging.1

Another method for overcoming these limitations is reso-
nator self-temperature-sensing using a dual-harmonic-mode 
crystal oscillator.2 This method provides for the resonator to 
determine its own temperature reading, and yields high-preci-
sion microcomputer-compensated crystal oscillators (MCXOs) 
with better precision than any other TCXO. Unfortunately, the 
large size of these sources, the high cost of SC-cut crystal, and 
the complicated dual-harmonic-mode oscillator structure of 
the MCXO prevent it from being widely used. 

A dual-AT-cut-crystal oscillator structure with self-temper-
ature-sensing was first proposed in ref. 3. The current authors’ 
experimental results prove that this method has nearly the 
same level of precision as the dual-harmonic-mode resonator 
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self-temperature-sensing. With increasing progress towards 
ultrasmall crystal units,4 this method is particularly well suited 
for application in miniature MCXOs.  

An AT-cut crystal for use as a resonator in an oscillator is 
typically cut around a nominal angle of +35°15’. Furthermore, 
its frequency-temperature (F-T) characteristic, which can be 
generally expressed in terms of Eq. 1, depends 
on the precise shearing angle (Fig. 1):

Δf/f0 = a + bΔT + cΔT2 + dΔT3      	      (1)

where the normalized frequency, Δf/f0, and 
the difference temperature, ΔT, are referenced 
at room temperature. Comparing the cut angle 
of (+35°15’)+16’ with (+35°15’)−4’, the differ-
ence between the two normalized frequencies 
has a monotone decreasing from +1.10 x 10−4 
to −1.05 x 10−4 in the temperature range from 
−40 to +85°C. When the baseline frequency 
is 10 MHz, the differential frequency range 
will be 2150 Hz, which means that the average 
temperature-frequency sensitivity is 0.058°C/
Hz, and nearly equal to the dual-harmonic-
mode resonator self-temperature-sensing. 

The F-T characteristics of two AT-cut 
10-MHz quartz crystals with shearing angles 
of (+35°15’)+4’ and (+35°15’)−2’ are shown in 
Fig. 2, and their difference frequency charac-
teristic can be described by Eq. 2 as:

Δf1(ΔT) − Δf2(ΔT) = −60.584 + 2.00948 x 
ΔT + 0.001977 x ΔT2 + 0.00000424 x ΔT3 ≈ 
−60.584 + 2.00948 x ΔT    		         (2)

which means that the temperature-frequency 

sensitivity of this dual-resonators tem-
perature sensor is 0.4976°C/Hz. When 
the frequency resolution of this sensor is 
0.1 Hz, its temperature resolution will be 
0.04976°C and it will be free of thermal lag 
in terms of temperature compensation.

Figure 3 shows the architecture of the 
MCXO with a dual-AT-cut-crystal resona-
tor and self-temperature-sensing approach. 
For the differential frequency measure-
ment, one of the oscillator’s outputs, f1, is 
divided by the fixed value, N1, to obtain a 
signal fN1 for gating a counter, which is fed 
from the other oscillator’s output, f2. The 
counter produces a count value, C1, during 
a period of fN1, according to Eq. 3:

N1(1/f1) = C1(1/f2)    				    (3) 

In 10-MHz crystals, the deviation range of f2 is typically less 
than 1 kHz or, as shown by Eq. 4: 

[(C1 − N1)/C1]107 = [(f1 − f1)/f2]107 ≈ f2 − f1      		  (4)
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3. Architecture of the MCXO with the dual-crystals self-temperature-sensing.

4. Block diagram of the divider with fractional division ratio.

5. Frequency stability under temperature tests.



 Subscribe to mICROWAVES & RF  |  Go To MWRF.com 

The computation of differential frequency between f2 and f1 
has a relative precision to 10−4, which means a measurement 
accuracy of at least 0.1 Hz. The divisor N1 serves to scale the C1 
counter range consistent with the required temperature-sensing 
resolution and counter width. 

The differential frequency is read by the microprocessor to 
determine the actual frequency of f1 via the polynomial com-

putation of Eq. 1, the coefficients of which are derived from a 
least-squares curve-fitting routine. The predicted frequency is 
subtracted from the target 10-MHz frequency to determine the 
deviation, Δf1. The deviation Δf1 of approximately 400 Hz is gen-
erated from f0 by a divider with a fractional division ratio as shown 
in Fig. 4. The microprocessor then computes a fractional division 
ratio, NC as in Eq. 5, which is used to produce a correction fre-

quency equal to Δf1. A voltage-controlled 
crystal oscillator (VCXO) is employed to 
establish the target 10-MHz frequency, in 
which the output frequency of VCXO is 
phase-locked to the sum of f1 − Δf1:

	
fout = (fin/10000)(1 – NC/N2N2)      (5)

The proposed MCXO circuit was fab-
ricated in a 0.18-μm, 1.8-VDC silicon 
CMOS process. It can achieve frequency 
stability within ±0.1 ppm from −40 to 
+85°C. Figure 5 shows the frequency 
deviation for two repeated cold to hot 
and hot to cold temperature runs for one 
proposed MCXO, which is better than 
for a conventional TCXO.5,6 By employ-
ing ultrasmall AT-cut crystal units, the 
proposed MCXO has a smaller size com-
pared with a traditional MCXO using 
SC-cut dual-mode crystal.7 
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