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Abstract 
To reduce the start-up time of a crystal oscillator (XO), a 

chirp injection (CI) and a negative resistance booster (NRB) 
are proposed. By combining CI and NRB, the measured 
start-up time of a 39-MHz XO in 180-nm CMOS is reduced by 
92% from 2.1ms to 158μs, which is the shortest time in the 
published XO’s. The measured start-up time variations due to 
the ±20% supply voltage change or the temperature change are 
less than 13%. 

 
Introduction 

To reduce the power consumption of RF transceivers, an 
intermittent operation and an agile transition between a sleep 
mode and an active mode are required. The start-up time 
(tSTART) of the RF transceiver from the sleep mode to the active 
mode is limited by a crystal oscillator (XO) for the RF carrier 
generation, because tSTART of XO is the longest in the RF 
transceiver due to a high Q ( > 10000) of a quartz crystal. The 
long tSTART prevents the agile mode transition and increases 
power consumption of the RF transceiver. Therefore, in this 
paper, new start-up time reduction techniques for a 39-MHz 
XO are proposed. 

 
Start-up Time Reduction Techniques 

Fig. 1 shows a strategy to reduce tSTART of a conventional 
Pierce XO shown in Fig. 2 (a). tSTART is determined by the 
negative resistance (|RN|) and the internal noise (VNOISE) [1]. To 
reduce tSTART in this paper, VNOISE is increased by the proposed 
chirp injection (CI), and |RN| is temporarily increased by the 
proposed negative resistance booster (NRB). 

In the previously reported constant frequency injection (CFI) 
[2] shown in Fig. 2 (b), a ring oscillator (RO) is connected to 
Out and X1 to increase VNOISE during the start-up. RO is 
calibrated to have the same frequency as XO. CFI, however, 
will fail to work, because XO has the high Q and the frequency 
of RO should be the exactly same as that of XO. Even if RO is 
perfectly calibrated, the frequency of RO drifts due to the 
variation of the supply voltage (VDD) and the temperature, and 
CFI fails to work. 

To solve the problem, CI shown in Fig. 2 (c) is proposed. In 
CI, instead of the constant-frequency RO in CFI, a chirp 
generator is used to increase VNOISE. The chirp is a signal in 
which the frequency decreases with time. Fig. 3 shows a circuit 
schematic of the chirp generator. When CI_en changes from 
low to high, the control voltage (VCNT) of VCO is varied from 
VDD to 0V. The frequency of the chirp is designed to cross the 
XO frequency (= 39MHz) considering PVT variations. 
Therefore, CI is more tolerant to PVT variations than CFI. 

To increase |RN| for reducing tSTART, NRB is added to CI and 
the finally proposed XO is shown in Fig. 2 (d). Fig. 4 shows a 
timing chart of the proposed XO. When a wake-up signal is 
received, both CI_en and NRB_en are activated. While CI_en 
is high, Chirp is injected to Out and X1. When NRB_en is high, 
Inv3 is added to Inv1 to increase |RN|, thereby reducing tSTART. 
In this paper, tSTART is defined as the time from the wake-up 
signal to the timing when the amplitude of Out is equal to 90% 
of that of the steady-state Out. The activation period of CI_en 
(tCI) is shorter than that of NRB_en (tNRB).  

 
Experimental Results 

The 4 XO’s in Fig. 2 are fabricated in 180-nm CMOS 
process and compared. The Inv1 in Fig. 2 is designed to have 
an oscillation allowance of 5 for XO. Fig. 5 shows a die photo 

and a layout of the proposed XO with CI and NRB. Table I 
shows a performance summary of the proposed XO with CI 
and NRB. 

Fig. 6 shows a measured time dependence of the chirp 
frequency of the chirp generator. The chirp frequency crosses 
the XO frequency (= 39MHz) across the best and the worst 
corners. Based on the results, tCI is fixed to 40μs. 

Optimum gate width of Inv3 and tNRB for NRB are discussed. 
Fig. 7 shows a measured gate ratio dependence of tSTART and 
the steady-state power in the XO with NRB at infinite tNRB. CI 
is disabled. The gate width of Inv3 is normalized to that of Inv1. 
By increasing the gate ratio, |RN| is increased and tSTART is 
reduced at the cost of increasing power. The gate ratio of 13 is 
used for NRB. In this case, tSTART is reduced by 87%, while the 
power increases by a factor of 4.9. Fig. 8 shows a measured 
tNRB dependence of tSTART in the XO with NRB. By increasing 
tNRB, tSTART is decreased and saturated at tNRB > 160μs. To 
reduce the power overhead due to NRB, tNRB of 164μs is used. 

Fig. 9 shows measured start-up waveforms of the 
conventional XO (Fig. 2 (a)) and the proposed XO with CI and 
NRB (Fig. 2 (d)). By combining CI and NRB, tSTART is reduced 
by 92% from 2.1ms to 158μs. 

To compare the variation tolerance of the 4 XO’s in Fig. 2, 
VDD and the temperature are varied. Fig. 10 (a) shows a 
measured VDD dependence of tSTART at 25ºC. The typical VDD is 
1.5V and VDD is varied ±20%. Fig. 10 (b) shows a measured 
VDD dependence of relative variations of tSTART. The variation 
of tSTART is normalized by tSTART at VDD of 1.5V. tSTART 
variation of CFI is much larger than that of CI, because CFI is 
calibrated at VDD of 1.5V and the RO frequency changes with 
VDD, which indicates CI is more variation-tolerant than CFI. 
tSTART variation of the conventional XO is as high as 201%, 
while that of the proposed CI and NRB is less than 13%. Fig. 
11 shows a measured temperature dependence of tSTART at VDD 
of 1.5V. The typical temperature is 25ºC and the temperature is 
varied from -30ºC to 125ºC. Similar to Fig. 10 (a), tSTART of CFI 
is longer than that of CI except for 25ºC, because CFI is 
calibrated at 25ºC. tSTART variation of the proposed CI and NRB 
is less than 7% and the lowest in 4 XO’s. 

Fig. 12 shows comparisons of tSTART of 4 XO’s at the typical, 
low VDD, and high temperature conditions. tSTART is normalized 
by tSTART of the conventional XO at each condition. In CFI, the 
reduction of tSTART is only 31% at the high temperature 
condition, while the proposed CI and NRB reduces tSTART by 
more than 92% at the all conditions. Therefore, the proposed CI 
and NRB is variation-tolerant. 

Table II shows a comparison with previously reported XO’s 
[3-6]. This work shows the shortest tSTART of 158μs and 
achieves the PVT variation tolerance. Thus, the proposed XO 
with CI and NRB enables the agile mode transition between the 
sleep and active mode, and reduces the power consumption of 
the RF transceiver. 
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tSTART of 4 XO’s in Fig. 2 at VDD = 1.5V. Fig. 12. Comparisons of tSTART of 4 XO’s.
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