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Abstract—This paper introduces the process of learning and designing relaxation 

oscillator. Last semester, after reading several papers on oscillators, the relaxation 

oscillators were simulated under the guidance of the professor. In the simulation process, 

it is found that the temperature coefficient (TC) of the relaxation oscillator can be 

optimized. After a series of attempts, two schemes are designed to optimize the 

relaxation oscillator. One is to use diode to compensate the second-order TC, thus 

greatly improving the temperature stability. Secondly, the auxiliary common source 

stage (CS) is added to control the current conduction of CS stage, which reduces the 

power consumption by 20%. In this semester, a large number of simulations have been 

carried out on these two projects, and the expected results have been achieved. The 

design consumes 190nw from 0.4V power at 4.5MHZ, and the temperature coefficient 

(TC) is as low as 66ppm / ℃. The new efficiency (0.04nw/kHz) of the Megahertz range 

relaxation oscillator is realized. 

I. INTRODUCTION 

In recent years, the use of wireless is very extensive, even applied to many objects that were 

not previously available. Distributed internet-of-things (IOT) such as home automation, 

precision agriculture and implanted biomedical devices. For these devices, low power 

consumption and low cost are very important. If the device is non-rechargeable, the battery 

should can supposed the device working for the lifetime, and if the device uses a 

secondary(rechargeable) battery, the time between charging cycles needs to be as long as 

possible from low-volume-batteries. In addition, it must compatible with low supply voltage 

commonly used in IOT nodes [1-2], [4]. Integrated low-frequency oscillator with small size 

and low cost as sleepmode timers to reduce sleepmode power of highly duty-cycled system. 

[3]. The relaxation oscillator shown in Fig. 1 is more suitable for such systems. Relaxation 

oscillator is usually used for low power operation with relatively high accuracy, and its 

oscillation period can be clearly set. Compared with crystal oscillator, relaxation oscillator 



does not need any external components, and it is cheaper, consumes less current, but the clock 

jitter is larger. However in this case jitter will not be a problem. The absolute frequency 

accuracy of the relaxation oscillator is limited by the on-chip capacitor and resistor tolerance 

which determine the oscillator time constant. It is maintained by repeated and alternating 

capacitor charging and discharging as shown in Fig. 1, the green one is Vref and the red one is 

Vint. Then the process as follow: 

1) When C is charged by Comparator, the voltage Vref increases. 

2) If Vref> Vint, the comparator sets RS-FF to 1 and changes the state of the oscillator to the 

discharged state. 

3) Vref drops during discharge. 

4) If Vref = 0, another comparator resets RS-FF and returns to the charging stage. 

It is half cycle Tosc / 2, and Tosc is: 

Tosc = τRC + τcomp + τbuf + τrst 

Where τRC is the time constant formed by R and Cint, τcomp is the comparator delay, which is 

defined as the time spent on comparator output when Vint exceeds Vref, τbuf  is the digital 

buffer delay and τrst  is the reset time, there are including discharging the capacitor and 

resetting the comparator, buffer and switch. 

 

Fig. 1 Schematic of a typical comparator-based relaxation oscillator. (“Reprinted from [4]”)  

 



The main disadvantage of relaxation oscillators is that they are susceptible to temperature, 

temperature stability can ensure the clock is accurate, so this paper mainly considers 

optimizing their TC [5-6].  

 

II. CIRCUIT ANALYSIS 

 

The author proposes a relaxation oscillator with a two-stage comparator [common gate (CG) 

stage + common source (CS) stage], as shown in the Fig. 2. The relaxation oscillator 

intentionally is using the proportional-to-absolute-temperature (PTAT) RC core, and the delay 

is offset by the complementary-to-absolute-temperature (CTAT) delay. Since the comparator 

delay no longer has to be smaller than the clock period, it can reduce the bandwidth while 

maintaining temperature stability and reducing power consumption. In addition, he precisely 

controls the TC of RC by using two trimmed resistors to offset each other. 

 

Fig. 2 Relaxation oscillator employing a two-stage comparator along with PD-AMP in 

feedback to improve PTAT current temperature linearity. (“Reprinted from [4]”) 

 

This is a 1.2 kHz relaxation oscillator that uses a power efficiency comparator with a linear 

temperature dependent delay range of -20 to 70 ° C, supply voltage (0.4 V), power 

consumption (1.14 nW), and efficiency (0.93 nW / kHz). Since the total temperature range is 

90 ° C, the Vbp drift caused by the temperature change is 92 mV. In addition, due to process 

changes, Vbp is directly proportional to the deviation of threshold voltage, 
∂Vbp

∂Vt,p
= 1  in 



accounting for another 45 mV (simulation shows∆Vt,p is 45 mV)]. Therefore, the minimum 

supply voltage should be >363 mV and the author choose a 0.4-V supply to ensure proper 

operation. 

Clock booster is used to increase the ‘on’ conductance. When input the VDD voltage, the 

clock booster will generate a voltage of 0 to 2VDD that can reduce the discharge time and 

consequently τrst over PVT. After the capacitor is discharged, when Vout,p fall below VSW,CG, 

the comparator turns over and resets the buffer. Therefore, there is a second comparator delay 

as part of the τrst. However, the second comparator has a very short delay (8 μ s, < 1% of 

TOSC). In this case, P only needs to reduce a small voltage range to offset the overshoot caused 

by τbuf, the buffer resets and turns off the switch. The report shows that τrst is less than 3% of 

TOSC with the help of clock booster. 

The first stage of comparator is CG amplifier, which reuses part of reference circuit. This 

stage does not increase any power, so it has been widely used, but it has a long and 

temperature sensitive delay, especially when the bias current is low. Because R branch and C 

branch are matched, when Vint = Vref and bandwidth is infinite, Vout,n = Vout,p. In addition, 

more current in the CG amplifier, the greater the current provided in all three branches of the 

circuit, this is very inefficient. Adding a CS stage to the existing CG comparator can cancel 

τSW. Because Vout,p is low, the CS level is closed for most of a cycle. It doesn't open until 

Vout,p approaches Vout,n. Therefore, it behaves more like a dynamic buffer than a continuous 

time amplifier. Switch voltage VSW, CS is approximately Vout, n so VSW, CS - Vout, n, so τSW is 

cancelled. It also should be noted that the PMOS in the CS level can be biased by Vbp or Vbp2 

from PD-AMP, assuming a perfect match, which is equal to Vbp. To facilitate layout, using 

Vbp2, if τSW is cancelled, the offset of CG comparator with Iref will result in a good control of 

CTAT time constant, resulting in CTAT compensation. 

In order to compensate the CTAT comparator delay, the bias resistance must be adjusted. 

Modern CMOS technology has polysilicon resistor (always PTAT) and diffusion resistor 



(PTAT or CTAT, depending on the size and concentration) [4]. Thus, there use two series 

PTAT resistors to with different TCs (such as R1 and R2). Therefore, the circuit supports TC 

through two adjustable PTAT resistors with different TC resistances (such as R1 and R2). 

The pseudo-differential amplifier (PD-AMP) can make PMOS transistor have the same VDS, 

and ensure that Iref has good temperature linearity, thus ensuring temperature stability. 

Because the temperature drift is slow, the bandwidth requirement of PD-AMP is greatly 

relaxed. Therefore, the author chooses β = 3 to reduce power consumption. 

Compared with the other documents, the performance of the relaxation oscillator is greatly 

optimized, especially in the low power, low voltage and TC. Although it TC is still slightly 

higher than clock source [11] and RC Oscillator [12], but the temperature range of clock 

source is smaller, and the power of  RC Oscillator is larger, so this is a very good design in 

general (Table I). 

 

 

 
TABLE I 

PERFORMANCE COMPARISON OF LOW-POWER, KILOHERTZ RANGE INTEGRATED OSCILLATORS 

Reference 4 5 6 11 12 

Technology(nm) 180 90 350 130 65 

Frequency(kHz) 1.22 100 3.3 100 33 

Supply(V) 0.4 0.8 1.0 1.1 1.2 

Temperature Range(°C) -20 to 70 -40 to 90 -20 to 80 20 to 40 -20 to 80 

TC(ppm/°C) 94 327 < 500 5 38.2 

Power(nW) 1.14 14.4 11 150 190 

Power 

efficiency(nW/kHz) 

0.93 0.12 4.0 1.5 5.86 

 

 

 



 

III. TEMPERATURE COEFFICIENT ANALYSIS 

 

The temperature coefficient of R can be written as  

TC =
(ymax − ymin)

Frequency × Temperature range
 

Where ymax and ymin is the value. For this circuit (Fig. 2), TC is still a little high compared to 

some circuits. In order to get smaller TC, the question is what is the TC of the oscillation 

frequency at the optimal temperature coefficient of R? How does the curve look? Before 

trying to adjust the circuit, it is important to understand the main reason for the large TC.  

Then the biggest problem, how to get the TC? The interval of TC should be made smaller and 

smaller to get better curve. For instance, at the first run, TCR is set to  -100m, -90m, -80m…., 

90m, 100m, which will generate 21 runs. Then, based on the results of the first run, determine 

the TCR range for the second run. For example, if 10m and 20m give the smallest TC, use the 

10m, 11m, 12m, ... 19m, 20m TCR to run the second round. So on and so forth. This method 

can provide better resolution.  

In order to offset the second order of TC, the idea of adding a diode to adjust the high-

temperature frequency is proposed. According to the curve in Figure 3 (a), connect the diode 

from VDD to vs, as shown in Figure 3 (e). In fact, according to the reference paper, it should 

be the reverse. The original plan was to reduce the frequency of the oscillator when the 

temperature was high, but now it needs to increase the frequency of the oscillator when the 

temperature is high. Therefore, connect the diode from VDD to vs. According to the formula, 

the required current can be calculated. 

V =
1

C
∫ Im dt +  

1

C
∫ Id dt 

Where V is theoretically constant, C and Im is known, Id can be calculated.  

According to the Fig. 3. (d), k is dependent on τ1 and changes with temperature. And for 



formula: 

aτ1 = −
1

T0
 

In this case, author set  
τ1

τtot
  to be small, so the k close to 1, and the gradient of K relative to τ1 

is close to zero. Thus k can be seen as a constant and doesn’t affect by the temperature. 

Therefore, for the first-order curvature, the linear PTAT RC can be designed by trimming R to 

PTAT.  

The TC value of the circuit is second order, as shown in Figure 3 (a). After adding the diode, 

as can be seen from Figure 3 (b), the frequency will increase at high temperature, and the 

number is closer to the first order. At this time, the ratio of R needs to be adjusted. Because 

the TC of each resistor is different, in order to find two suitable resistors, first find the TC of 

the circuit through simulation, and then list the TC of the resistor on a graph, as shown in 

Figure 3 (f), and the circuit TC is exactly between rpod and rnpolywo, and the slopes of rpod 

and rnpolywo are exactly opposite. After selecting the resistance, the ratio is adjusted to 

obtain Figure 3 (c), calculated by TC = 64 ppm / ° C. Considering that there is still high order, 

a resistor is connected. 
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(d) 

 

(e) 



 

(f) 

Fig. 3 (a) temperature coefficient without diode and auxiliary CS-stage. (b) temperature 

coefficient add diode. (c). temperature coefficient add diode and adjust R. (d) Numerical 

solutions for k versus τ1/τtot(“Reprinted from [4] ”). (e) The relaxation oscillator uses diodes 

and auxiliary CS stages to improve power consumption and temperature coefficient. (f). TC 

with different resistance. 

 

In fact, there are many ways to reduce TC, such as increasing the bandwidth [8] and thus 

increasing the power of the comparator to minimize τcomp, so that τcomp takes a small part of 

the oscillation cycle. In addition, the feed-forward comparator delay cancellation [5], 

integrated Error feedback [9] and duty-cycled high-bandwidth comparator[10] have also been 

used to it. 

The simulation proves that the method of adding a diode is feasible, and the TC is greatly 

improved. 
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IV. The auxiliary CS-stage 

Since the oscillator is always on, the actual use time is less than half of the cycle, so a part of 

the power is wasted. If you turn it on only when you need to work, you can further reduce 

power consumption. According to figure 4, TC is inversely proportional to power efficiency. 

Here, the author of the literature chooses β2 = 3 to maintain low power consumption and 

reduce the degradation of temperature stability. However, when β2 = 1, the power efficiency is 

higher, So can it improve temperature stability while maintaining low power consumption? 

Based on this idea, an auxiliary CS level is constructed, as shown in the figure 3 (e). It looks 

similar to the CS stage, but due to the presence of the auxiliary CS stage, β2 is set to 1 and β3 

is set to 5, and then the inverter is added to the output of the auxiliary CS stage and connected 

to the CS stage platform ground to control the switch. Its function is to close the switch when 

the capacitor is charging. The CS stage will stop generating current because the circuit is open. 

The current will pass through the auxiliary CS stage. Since the β of the auxiliary CS stage is 

very large, its power efficiency is very small, so the circuit at this time Power consumption is 

very small. When C is almost fully charged, close the switch in advance, and the CS stage 

will be energized again. 

 

Fig. 4 TC versus power efficiency for different sizing ratios and (“Reprinted from [4] ”) 

 

The auxiliary CS level has the following advantages: 1. Reduce current 2. Always open. 3. 

The transition point from 1 to 0. Since the β of the auxiliary CS stage is large, the current 

flowing through the auxiliary CS stage will be small. When C is discharged, the switch is 



closed, the CS stage will stop generating current because the circuit is open, and the current 

will pass through the auxiliary CS stage. Since the β of the auxiliary CS stage is very large, its 

power efficiency is very small, so the circuit power consumption currently Is very small. 

When the capacitor is almost fully charged, the switch is opened in advance, the CS stage is 

energized, and the auxiliary CS stage will always be on. At this time, the current will be 

relatively large. Fortunately, because the β of the CS stage is 1, the charging time is very short. 

After fully charging, the switch is closed again, so that the circuit maintains a low power 

consumption state and further improves the stability of the temperature. 

The experimental results prove that the auxiliary CS stage helps the circuit to reduce power 

consumption by 20%, and according to figure 3 (a), the calculated TC value is 88, indicating 

that TC has also been optimized. 

 

V. Expected goal 

The objective is to further reduce the TC (less than 50ppm / ℃) of the relaxation oscillator, 

optimize the power efficiency, and reduce the current and power consumption. It is hoped that 

the power consumption can be less than 200nw and the oscillation frequency is about 4.5mhz. 

Compared with the literature, its main advantages are low TC and low power consumption. 

The TC of the experimental results is a little higher than expected, but lower than the 

literature. As for the power consumption, it basically achieves the expected results. 

 

VI. Implementation 

 

At the beginning, after browsing some literary works, under the guidance of the teacher, it 

was decided to practice the relaxation vibrator, first to establish a basic relaxation vibrator. 

Initially, VCVS and capacitors were used to replace the comparator's operating mode. 

However, after operation, it was found that the capacitor could not be fully discharged. 



Consider that it should be before the capacitor is discharged. Since τ_buf is a digital buffer 

delay, the reset is turned on, and the reset of the comparator is much faster than the reset of 

the comparator. The current may also be too large. Therefore, after adding the resistor, the 

waveform was successfully obtained. 

After understanding the working principle of the first relaxation oscillator, it is much faster to 

construct an optimized second relaxation oscillator. In the process, there are some problems, 

such as what is the clock booster, the role of PD-AMP and how to set two resistors. 

Fortunately, after the professor's explanation, it quickly understood. 

Because the oscillator is relatively complete, many calculation steps are omitted. In fact, to 

design a relaxation oscillator, many places need to be considered, including power 

consumption, voltage, power supply, delay, TC, area, and power efficiency. In this process, 

people also learned how to analyze the curve and isolate the required data after multiple 

simulations of temperature and TCR, and even after finding the required data from the 

literature. 

After studying more information and understanding its main problems, can this relaxation 

oscillator be optimized? From the manager's understanding, the diode can adjust the 

frequency at high temperature as described in III, while changing R can make the TC more 

stable as described in the model. So, how to place the diode? According to the simulation 

results of this article, it should be placed where the capacitor is connected, but according to 

the simulation results, it seems to be the opposite, as shown in III. Therefore, the location 

needs to be changed. As shown in Figure 3 (e), after careful consideration, first connect the 

diode from VDD to VCVS, then connect the anode of VCVS to Vc, and then add a current 

source next to it to obtain the required Current to adjust the area. The increase in diode current 

speeds up the charging speed of the capacitor, especially at high temperatures the frequency 

of the capacitor will increase, the relationship between frequency and temperature will 

become more linear, and the best TC can be obtained through simulation. After that, two 



resistors need to be selected. Considering that the TCs of all resistors are different, here adjust 

all resistors to the same value and connect them together. Connect a current source to observe 

the TC value of each resistor. The more stable the more stable, for example, the ideal 

resistance shown in Figure 5 has a very stable TC. The simulation result TC = 453u, between 

rpod and rnploywo, and the slope of rpod and rnploywo is opposite, which is very suitable for 

circuit resistance. By adjusting the ratio, the TC shown in Fig. 6 can be obtained. After 

calculating TC = 66, it is 30% lower than the reference value. 

 

Fig. 6 temperature coefficient with diode and auxiliary CS-stage. 

 

After determining that the diode solution is feasible, add the auxiliary CS stage to the circuit. 

Auxiliary CS level addition has little effect on TC. Although there is, but compared with the 

increase in power consumption, this effect is negligible. After calculation, after adding the 

auxiliary CS level, the power efficiency = 0.04(nW/kHz), which is much lower than before. 

This proves that it is feasible to increase the diode and auxiliary CS stage.  

The operating condition of the entire circuit is shown in Fig. 7. As mentioned in Ⅲ, when 

Vint starts charging, Vacs will first pass the current, but when Vacs = Vout,p, the switch is 

turned on and Vcs begins to pass current. When Vint = Vref, the capacitor starts to discharge 
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and the switch closes again. 

 

Fig. 7 Relaxation oscillator the working diagram. 

 

This oscillator achieves the most advanced performance with the lowest power supply voltage 

(0.4v), the lowest efficiency (190nw) and the best efficiency (0.04nw / kHz) in the 

temperature compensated relaxation oscillator in the megahertz range (Table Ⅱ). 

 

TABLE Ⅱ 

PERFORMANCE COMPARISON OF LOW-POWER, KILOHERTZ RANGE INTEGRATED OSCILLATORS 

 References 

4 

References 

5 

References 

6 

References 

11 

References 

12 

This 

work 

Technology(nm) 180 90 350 130 65 65 

Frequency(kHz) 1.22 100 3.3 100 33 4500 

Supply(V) 0.4 0.8 1.0 1.1 1.2 0.4 

Temperature 

Range(°C) 

-20 to 70 -40 to 90 -20 to 80 20 to 40 -20 to 80 -20 to 

80 

Vout,n

Vout,p

Vcs

Vacs

Vint

Vref

0.00E+00

5.00E-02

1.00E-01

1.50E-01

2.00E-01

2.50E-01

3.00E-01

3.50E-01

4.00E-01

4.50E-01

0 0 . 0 0 0 0 0 0 4 0 . 0 0 0 0 0 0 8 0 . 0 0 0 0 0 1 2 0 . 0 0 0 0 0 1 6 0 . 0 0 0 0 0 2

V
O

LT
A

G
E 

(V
)

TIME (S)



TC(ppm/°C) 94 327 < 500 5 38.2 66 

Power(nW) 1.14 14.4 11 150 190 190 

Power 

efficiency(nW/kHz) 

0.93 0.12 4.0 1.5 5.86 0.04 

 

VII. Conclusion 

In this paper, by analyzing the "0.4-v 0.93-nw / khz relaxation oscillator, this delay oscillator 

has a comparator delay that varies with temperature to achieve a stability of 94 ppm / ° C" 

model, and optimized. In order to achieve a low-power, low-voltage, and temperature-stable 

relaxation oscillator, a technique of adding an auxiliary common source（CS） to control 

CS-stage current conduction and improving temperature stability through diodes has been 

proposed. The measurement results validate the proposed technique and prove its latest 

performance. 

 

VIII. Recommendations for future research 

The future research direction is mainly the direction of temperature coefficient. The diode can 

control the frequency at high temperature. If you can add the diode and control the frequency 

at low temperature, you will theoretically get a lower TC. And at this stage, there are many 

new materials with good performance. They have better performance and temperature 

stability than the original materials. It is conceivable that materials with good temperature 

stability can greatly improve the oscillator. Using existing technology and new materials, 

oscillators have become smaller, more stable, with lower power consumption and longer life. 

For example, the research team of Shandong University has conducted a systematic study on a 

new spin nano oscillator based on a magnetic tunnel junction. A spin nano-oscillator with a 

diameter of about 100 nanometers and a thickness of about 40 nanometers is prepared, which 

significantly increases the microwave output power and realizes the wireless transmission and 



detection of the microwave of the spin nano-oscillator. 
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