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CMOS frequency references based on RC oscillators are usually preferred over
bulky crystals in loT applications [1-5]. However, due to the process spread and finite
temperature coefficient (TC) of most on-chip resistors, RC oscillators require trimming
and temperature compensation to achieve decent accuracy. Enabled by high-resolution
trimming techniques such as AX [1,2] or pulse-density [3] modulation, recent designs
can obtain good accuracy (<0.1%) at the expense of large chip area. However, existing
compact (<0.02mm?) designs suffer from frequency errors in the order of 1% or more
[4,5]. Moreover, their temperature compensation schemes usually require the use of
resistors with complementary TCs, which are not available in all CMOS technologies.

=) This paper describes a compact RC frequency reference with on-chip circuits with which
w0 both its TC and absolute frequency f, can be trimmed. Fabricated in a standard 0.18pm
§technology, the 0.01mm? 10MHz reference achieves a +0.28% inaccuracy from -45°C
—to 125°C after 1-point trim, which represents the state-of-the-art for designs with a
gsimilar area. Moreover, the proposed temperature compensation scheme does not
‘:’. require resistors with complementary TCs, which significantly extends its application
gscope.

§Figure 3.4.1 (top-left) shows the block diagram of the proposed RC-based frequency
A reference, which is based on a frequency-locked-loop (FLL) [3]. Driven by the output
gfrequency Four Of a voltage-controlled oscillator (VCO), an RC network outputs a
< frequency-dependent voltage (V;), which is compared with a reference voltage (V)
S derived from a resistive divider, integrated and then used to drive the VCO. Due to the
8 large DC loop gain, the steady-state difference between Vg and V; will be near zero,
O resulting in an output frequency that only depends on the properties of the RC network
w and the resistive divider.

w

i On-chip resistors typically have large TCs, up to 1000ppm/°C, while that of on-chip MIM
Qcaps (~30ppm/°C) is relatively negligible. As a result, the TC compensation of RC
© oscillators is often achieved by combining resistors with complementary TCs to realize
Sa so-called “zero-TC” composite resistor Ry, which ensures that V is temperature
ﬁindependent [3]. However, this requires a high-resolution resistor-trimming network,
= Wwhich introduces (trim-code dependent) parasitic capacitances that increase the
ginaccuracy of f,. Furthermore, not all CMOS technologies have a suitable combination of
@ resistors.

o

2 In this work, Ry is realized as a single resistor, and TC compensation is achieved by
@designing the TC of the reference voltage Vi to match that of V. In the chosen 0.18um
< CMOS technology, both R, and R, are implemented as p-poly resistors (-0.02%/°C),
,°é while R, is implemented by a trimmable combination of p-poly and n-poly (-0.15%/°C)
2 resistors. As shown in Fig. 3.4.1 (bottom-left), by tuning the width of the two types of
Qresistors so that they (nominally) have the same resistance per unit length, the length of
2 R,, and thus its resistance, will be trim-code independent, allowing f; to be trimmed in
= an orthogonal manner. In this work, the TC of the frequency reference can be trimmed
§from -40ppm/°C to 40ppm/°C in 16 steps. As shown in Fig. 3.4.1 (bottom-right), the
& nominal frequency f, is trimmed with the help of a coarse-fine capacitive DAC. This
S results in a trimming range of +30%, with a worst-case trimming resolution of 0.1%, or
zequivalently 1fF, with a practically realizable 10fF DAC LSB.

§ In [3], a frequency-dependent voltage V; is created by a resistive divider that consists of
 afixed resistor and a switched-capacitor resistor. However, the periodic ripple in V; must
w® be limited by a relatively large stabilizing capacitor. In this work, the need for the latter
2 is obviated by generating V in three phases, as shown in Fig. 3.4.2 [6]. During the reset
5 phase, ¢ggr, capacitor G, is pre-charged to Vpp, and during the subsequent discharging
rfu phase, ¢peng it is discharged through resistor R,. At steady-state, the duration of this
S phase is equal to one period Ty of the VCO'’s output frequency, which can be expressed
Eas Tueo=RqColn(1+R4/R,)=0.7R,Cy and is, ideally, supply-independent. During the third
@ integration phase ¢,yr, @ Gy-C integrator (Gy=5pS, C,\;=7pF) integrates the sampled
£ difference between Vg and V, which is then used to drive the VCO. To facilitate the
Egeneration of the 3-phase control signals, the VCO runs at 40MHz, which is 4x higher
- than the targeted output frequency (10MHz). This also reduces the required RC constant
§(R0=36k0 and Cy=1pF) by 4x, and thus the chip area. To improve the FFL’s energy
efficiency, ¢nr is 2x longer than ¢gsr OF dpeug- The state of the FLL is thus updated at
Fueo/4. Setting Ry=R,=100kQ) results in an even power split between the RC and resistive-
divider branches.

To suppress its 1/fnoise and improve the oscillator’s long-term stability, the Gy, stage
is chopped. However, the up-modulated offset will then cause ripples at the control input
of the VCO (V¢ry), and thus increase its output jitter. Conventionally, this problem is
solved by increasing the chopping frequency or lowering the Gy/C,y; ratio [3]. However,
the former leads to a larger residual offset and thus worse inaccuracy over PVT, while
the latter results in a trade-off between capacitor area and jitter performance. In this
design, the size of Cyy is drastically reduced by using a compact switched-capacitor
notch filter to suppress the ripple [7]. The filter consists of two capacitors Cyp (=1.8pF)
and Cy,p (=2.7pF) and two switches driven by the sample (¢s) and hold (¢y) signals. As
shown in Fig. 3.4.2 (bottom), the voltage across Cyy; is effectively sampled once every
chopping period, resulting in a ripple-free Vrp at a chopping frequency of Fyq/8
(=1.25MHz). Compared to the two-phase filter used in [7], the use of a single-phase filter
results in less ripple due to the absence of mismatched charge injection errors, at the
expense of 2x more delay. However, the resulting delay is still quite small compared to
that of the integrator, and so has a negligible effect on loop stability. The VCO consists
of a PMOS current source that drives a 3-stage current-starved ring oscillator, while the
Gy, stage is a chopped telescopic amplifier with an 80dB DC gain.

The prototype RC frequency reference was fabricated in a standard 0.18um CMOS
technology, as shown in Fig. 3.4.7. To save area, all the resistors and transistors are
placed below the Metal-Insulator-Metal (MIM) capacitors, resulting in a compact
100pmx100pm layout. Each frequency reference draws 56.7pA (27.5uA analog and
29.2pA digital) from a 1.5V supply. About 2/3 of the digital power is used to drive the
output buffer. Over a 1.5V to 1.8V range, the frequency reference has a supply sensitivity
of 2700ppm.

Seven ceramic-packaged chips (112 samples) from one wafer were trimmed and then
characterized in a temperature-controlled oven. Since the intra-batch TC spread turned
out to be quite small (+8ppm/°C), a fixed TC trim code (corresponding to the simulated
TT corner) was used for all samples. As expected, the spread in f; is much larger (1.9%)
and was individually trimmed at room temperature (RT, ~25°C).

As shown in Fig. 3.4.3, the frequency reference achieves an inaccuracy of £0.28% over
the automotive temperature range from -45°C to 125°C, resulting in a residual TC of
31.5ppm/°C (box method). However, significant hysteresis (1500ppm worst-case) is
observed as the samples are cycled from hot to cold, mainly due to the instability of the
polysilicon resistors. Each sample was cycled twice, resulting in a cycle-to-cycle variation
of less than +200ppm, which is much smaller than the observed hysteresis.

Since polysilicon resistors are also known to suffer from drift [8], accelerated aging
experiments were conducted by baking the measured samples at 150°C for one week.
As shown in Fig. 3.4.4 (top), both the nominal frequency (0.5%) and its TC (10ppm/°C)
suffer from drift. However, the former can be trimmed at room temperature with the help
of an external reference [9], while the latter is 3x smaller than the original residual TC,
and results in much less (0.17%) additional frequency error over life-time. To
characterize the effect of packaging stress, seven plastic-packaged chips were also
measured. Compared to the ceramic-packaged chips, they required a different TC trim
code to achieve similar inaccuracy: +0.3% from -45°C to 125°C. However, they exhibited
somewhat less hysteresis (1200ppm worst-case) as they were cycled from hot to cold.

Figure 3.4.4 (bottom) shows the start-up behaviour of the frequency reference. After
setting V¢r, to ground, the output frequency settles within 30ps. Enabling chopping and
notch filtering results in a step-wise settling transient, but does not change the settling
time. The frequency reference achieves an output period jitter of 41.4ps,,, (Fig. 3.4.5,
top) and an Allan deviation of 2.3ppm for a 0.6s-stride (Fig. 3.4.5, bottom). Figure 3.4.6
summarizes the performance of the RC-based frequency reference and compares it to
the state-of-the-art. Despite the use of a relatively mature 0.18pm technology, it achieves
the best on-chip trimmed inaccuracy among compact (<0.02mm?) CMOS frequency
references, making it a competitive timing solution for low-cost loT applications.
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Figure 3.4.1: Block diagram and temperature compensation of an RC frequency

reference (top), TC and frequency trimming (bottom). Figure 3.4.2: System block diagram (top) and timing diagram (bottom).
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Figure 3.4.3: Temperature sensitivity and hysteresis of the frequency reference (112 Figure 3.4.4: Averaged frequency of 112 samples before and after aging (top) and
samples). Transient response after VCTRL reset (bottom).
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Figure 3.4.6: Performance summary and comparison with previous RC frequency
Figure 3.4.5: Measured period jitter (top) and Allan deviation (bottom). references.
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Power Breakdown @1.5V
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Figure 3.4.7: Die micrograph and its power breakdown.
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