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Chapter 1 Introduction 
 
 
The objective of this thesis is to design an oscillator with constant frequency over the 
variation of process, voltage and temperature. It is aimed for on-chip applications. The 
off-chip crystal oscillators are apparently not suitable. LC oscillators usually consume a large 
area, which is not a good option either for on-chip application. RC oscillators, including ring 
oscillators and relaxation oscillators, have been widely studied and developed for on-chip 
application due to their high compatibility with the standard CMOS process and their small 
area. In general situation, ring oscillators show more frequency variation than relaxation 
oscillators. Many designs on ring oscillators, relaxation oscillators or a hybrid of them have 
managed to maintain the frequency variation around ±1% over voltage and temperature 
variation. In this thesis two structures of relaxation oscillators in 70nm CMOS technology are 
studied and implemented. One is the conventional double-grounded-capacitor oscillator [7], 
and the other is recently proposed in [10], with a novel voltage averaging feedback (VAF) 
mechanism that removes the dominant contributor of frequency variation in conventional 
oscillators, and suppresses the phase noise at low-offset frequency. The simulation results 
show that the oscillator with VAF indeed performs better than the conventional oscillator, 
both in frequency accuracy and jitter performance. Due to the time limit, however, the layout 
is only done for the conventional oscillator. The extracted view of the layout shows a little 
more frequency variation than the schematic view due to the increased parasitic capacitance, 
but it still has an absolute frequency variation very close to ±1% over process, voltage and 
temperature variation. An example of possible application of the oscillator is introduced in the 
last part of the thesis. 
 
The RC relaxation oscillator in this thesis should meet the following specifications: 
1) For different process corners (nominal model, strong model and weak model in Cadence) 

of the 70nm CMOS technology in the simulation, when the voltage varies from 0.95V to 
1.3V, and the temperature varies from −40 C0  to 125 C0  , the total frequency variation at 
the output of the oscillator should be less than ±2%.  

2) As the jitter will deteriorate the frequency variation of the oscillator, the period jitter of 
the oscillator should be low enough to keep the frequency variation within ±2%. 

3) The startup time of the oscillator should be less than 2us. 
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Chapter 2 Conventional 

Double-grounded-capacitor Oscillator 
 

2.1 Architecture and operation principle 

2.1.1 The ideal case 
Figure 2-1 illustrates a general structure for the conventional double-grounded-capacitor 
oscillator. A very similar implementation can be found in [7]. The circuit in the solid-line 
circle is the reference current and reference voltage generation circuit. The most important 
thing the circuit needs to satisfy is:  
 
 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟  =  𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 ∗ 𝑅𝑅 (2.1) 
 
The circuit in the dashed-line circle is a current mirror, which should make sure that: 
 
 𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐 _𝑐𝑐ℎ𝑐𝑐𝑟𝑟𝑎𝑎𝑟𝑟 = 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟  (2.2) 
 
The circuit in dotted-line circle is the charge and discharge circuit, which has two branches. 
QC and QCZ are two switches with opposite gate control signal levels, and they connect to an 
equal capacitor C, respectively. They control which branch to charge. QD and QDZ are two 
switches used to discharge their corresponding capacitor. The operation of the oscillator is 
realized by charging and discharging the capacitor C in the two branches alternatively as 
follows: 
1) When QC is turned on, QCZ is switched off and the current Icap _charge  starts to charge 

the capacitor C in the left branch. The voltage V1 starts to rise from zero with a constant 
slope. As the reference voltage Vref  is connected to the negative inputs of the 
comparators, as long as V1 is smaller than Vref , the output of the upper comparator is 0.  

2) When V1 exceeds the threshold Vref , the output of the upper comparator will change from 
0 to 1.  

3) By capturing the rising edge of the comparator’s output, the digital logic circuit can 
trigger a reverse change on the control signals of the charging switches QC and QCZ, and 
discharging switches QD and QDZ. As a result, QC is switched off, while QCZ turned on. 
Now the current Icap _charge  will start to charge the right branch. At the same time, QD is 
turned on, discharging the capacitor C in the left branch. QDZ is switched off.  

4) The right branch will repeat action 1), 2) and 3) in the same manner as the left branch. 
After that, the current Icap _charge  will start to charge the left branch again.   

5) By repeating the previous procedures, the oscillator will generate a square waveform on 
the control signals of the switch QC, which will be the output of the whole circuit. The 
waveforms in Figure 2-2 illustrate the operation of this oscillator. 
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Figure 2-1. Architecture of the conventional double-grounded-capacitor oscillator 

 

In Figure 2-2, when V1 reaches the threshold crossing point P , the charge on the capacitor 
satisfies the following two equations: 
 
  𝑄𝑄  =   𝐶𝐶𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟   (2.3) 
 
  𝑄𝑄  =   𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐 _𝑐𝑐ℎ𝑐𝑐𝑟𝑟𝑎𝑎𝑟𝑟 ∗ 0.5𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟   (2.4) 
 
Put (2.2) into (2.4), 
 
  𝑄𝑄  =   𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 ∗ 0.5𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟   (2.5) 
 
Combine (2.3), (2.5) and (2.1), the following equation is obtained: 
 

𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟  =  
𝐶𝐶 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟  
0.5𝐼𝐼 𝑟𝑟𝑟𝑟𝑟𝑟

= 2𝑅𝑅𝐶𝐶   (2.6) 

 
The ideal period of the oscillator is: 
 

+ 
- 
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C 
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+ 
- 
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𝑇𝑇𝑖𝑖𝑖𝑖𝑟𝑟𝑐𝑐𝑖𝑖  =  𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟 = 2𝑅𝑅𝐶𝐶   (2.7) 
 
The ideal frequency of the oscillator is: 
 

𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑐𝑐𝑖𝑖  =  
1 

2𝑅𝑅𝐶𝐶
   (2.8) 

 
As illustrated in equation (2.8), if the resistor R and the capacitor C are constant over PVT, 
then the frequency of the oscillator will be constant as well. 

 

 

Figure 2-2. Waveform of the signals in the oscillator 

 

2.1.2 Analysis for nonlinearity 
In real circuit, the transition of the comparator takes some time after the threshold crossing 
point due to limited bandwidth. After the transition of the comparator’s output, the logic 
circuit after the two comparators will capture this voltage transition and toggle the control 
signals for the switches. This will also bring in some delays. The digital logic circuit mainly 
consists of a memory cell such as D-flip-flop or RS-flip-flop to store the previous state of the 
control signal. The total delay td,h  for one ramp in Figure 2-3 consists of the delay of the 
comparator and the delay of the logic circuit. The delay from the logic circuit can be removed 
by taken the memory cell out of the timing path [6]. However, the delay from the digital 

Comparators pulses 

0.5*Tper 0.5*Tper 

Charge linearly Cap Vref  

Vref   Charge linearly Cap 

Output  

V1 

V2 

P 
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circuit is usually very small compared to the delay of the comparators, so that it is ignored in 
this thesis. The major concern is the delay caused by the comparator. The total delay td  in 
one cycle is 2𝑡𝑡𝑖𝑖 ,ℎ . Taking the delay 𝑡𝑡𝑖𝑖  into consideration, the actual frequency of the 
oscillator can be related to the ideal one as follows [7]: 
 

𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑐𝑐𝑖𝑖  =  
𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑐𝑐𝑖𝑖  

1 + 𝑡𝑡𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑐𝑐𝑖𝑖
   (2.9) 

 

 

Figure 2-3. The waveform of the oscillator in actual implementation 

 

For applications requiring oscillators with good control linearity, the delay td  should be 
minimized in order to make the actual frequency close to the ideal one. In the application of 
this thesis, the control linearity is not of major concern. The primary target for the oscillator 
design is to have a constant frequency over voltage and temperature variation for a certain 
process. The resistor R used in the relaxation oscillator here is zero-temperature coefficient 
resistor. The capacitor C used is metal flux capacitor. They show very little variation over 
temperature and voltage. Therefore, the ideal frequency 𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑐𝑐𝑖𝑖 = 1/(2𝑅𝑅𝐶𝐶) varies very little 
over temperature and voltage. However, the delay td, which is mainly the delay of the 
comparator, can vary to some extent over temperature and voltage. The variation of 𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑐𝑐𝑖𝑖  
in (2.9) mainly depends on the variation of  𝑡𝑡𝑖𝑖 . Assuming the total delay 𝑡𝑡𝑖𝑖  of the oscillator 
varies by ±∆𝑡𝑡𝑖𝑖  for temperature between −40 C0  to 125 C0  and voltage between 0.95V and 
1.3V, the frequency range of the oscillator is between: 
 

𝑟𝑟𝑚𝑚𝑖𝑖𝑚𝑚  =  
𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑐𝑐𝑖𝑖  

1 + (𝑡𝑡𝑖𝑖 + ∆𝑡𝑡𝑖𝑖 )𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑐𝑐𝑖𝑖
   (2.10) 

 

𝑟𝑟𝑚𝑚𝑐𝑐𝑚𝑚  =  
𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑐𝑐𝑖𝑖  

1 + (𝑡𝑡𝑖𝑖 − ∆𝑡𝑡𝑖𝑖 )𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑐𝑐𝑖𝑖
   (2.11) 

 
The accuracy of the frequency over temperature and voltage is no more than: 

Tper 

Vref  td,h td,h 

output 
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± 
∆𝑡𝑡𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑐𝑐𝑖𝑖  

1 + (𝑡𝑡𝑖𝑖 − ∆𝑡𝑡𝑖𝑖)𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑐𝑐𝑖𝑖
   (2.12) 

 
Assuming the delay 𝑡𝑡𝑖𝑖 = 1%𝑇𝑇𝑖𝑖𝑖𝑖𝑟𝑟𝑐𝑐𝑖𝑖 , ∆𝑡𝑡𝑖𝑖 = 0.5𝑡𝑡𝑖𝑖 = 0.5%𝑇𝑇𝑖𝑖𝑖𝑖𝑟𝑟𝑐𝑐𝑖𝑖 , the accuracy of the 
oscillator is within ±0.5%. It is difficult to quantify the relationship between 𝑡𝑡𝑖𝑖  and ∆𝑡𝑡𝑖𝑖 . 
However, it is obvious that the smaller 𝑡𝑡𝑖𝑖  is, the smaller its variation ∆𝑡𝑡𝑖𝑖  is; therefore the 
comparators should be designed to have a high speed, which requires high bandwidth and 
high power consumption. 
 

2.2 Specific implementation 

2.2.1 Reference voltage and reference current generation circuit 
In Figure 2-1, the reference current Iref  is denoted as an external DC current source, which 
will generate the reference voltage Vref  . To reduce the complexity of the circuit, an idea is to 
use a simple voltage divider to produce the reference voltage  Vref  , and then use a 
voltage-to-current converter using resistor [1] to produce the reference current  Iref  . Figure 
2-4 shows the simplified schematic of this voltage-to-current converter using resistor, whose 
input voltage is produced by a simple resistive voltage divider and is the reference 
voltage Vref   for the RC relaxation oscillator. In Figure 2-4, 
 

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 =  
1 
3
𝑉𝑉𝑖𝑖𝑖𝑖    (2.13) 

 
where Vdd  is the supply voltage for the circuit. Vref   is added to the positive input of the high 
gain operational amplifier (op amp), whose output connects to the gate of a NMOS transistor 
MN1. And the source of MN1 is connected back to the negative input of the op amp, forming 
a feedback circuit. MN1 converts the output voltage of the op amp to current Iref , which flows 
through the resistor R. Because of the high gain of the op amp, the feedback will keep the 
voltage at the negative input of the op amp equal to Vref  , that is: 
 

𝑉𝑉𝑖𝑖𝑚𝑚 = 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟     (2.14) 
 
As a result, the expression (2.1) is satisfied: 
 
  𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟  =  𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 ∗ 𝑅𝑅 (2.1) 
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Figure 2-4. Simplified schematic of voltage-to-current converter using resistor 

 

Stability of the Feedback   The operational amplifier used in this circuit is discussed in 
next section. As the voltage-to-current converter has a feedback circuit, the stability of the 
feedback loop should be checked. Figure 2-5 shows the setup circuit for checking the stability 
of the feedback loop. The feedback is a current-voltage feedback. The open loop gain is: 
 

𝐺𝐺𝑚𝑚 ,𝑜𝑜𝑐𝑐𝑟𝑟𝑚𝑚  =  
𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡
𝑉𝑉𝑐𝑐𝑐𝑐

= 𝐴𝐴0 ∗ 𝑎𝑎𝑚𝑚𝑚𝑚1    (2.15) 

 
The loop gain is: 
 

𝐺𝐺𝑚𝑚 ,𝑜𝑜𝑐𝑐𝑟𝑟𝑚𝑚 ∗ 𝑅𝑅 =  
𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡
𝑉𝑉𝑐𝑐𝑐𝑐

∗ 𝑅𝑅 = 𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡 ∗ 𝑅𝑅 = 𝑉𝑉𝑟𝑟    (2.16) 

 

(2.16) indicates that the stability of the feedback can be observed from the relationship 
between the amplitude and phase of Vf, which is plotted in Figure 2-6 for the actual schematic. 
The simulation contains all the corners which are the combinations of voltage at 0.95V and 
1.3V, temperature at−40 C0  and 125 C0 , and the process variations (the nominal model, the 
strong model and the weak model). Figure 2-6 shows that the phase margin for this feedback 
is above 64 degree, which is sufficient to keep the circuit stable. 

+ 

- 

R 
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Vref  
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Figure 2-5. The circuit for checking the stability of the feedback loop  

 

 
Figure 2-6. Bode plots of the loop gain 
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2.2.2 Operational amplifier (Op amp) 
In this oscillator design a two-stage op amp consisting of a regular positive feedback 
amplifier [4] [5] and a differential pair with active current mirror [3] is adopted, as shown in 
Figure 2-7. The schematic of the first stage, the positive feedback amplifier (PFA) is shown in 
Figure 2-8. PFA is symmetrical in the structure. The mechanism of the PFA is to add negative 
conductive load in parallel with the diode-connected load, which has a positive conductance. 
When the negative conductance is very close to the positive conductance, the resistance for 
the whole load can be very large. The negative conductive load is constructed by two 
transistors with their gates cross-coupled to the outputs, as MN3 and MN4 in Figure 2-8. 
MN3 and MN4 form a positive feedback loop, which is why this amplifier is called positive 
feedback amplifier. 
 

 
Figure 2-7. Two-stage op amp with a PMOS differential input pair 

MP1 MP2 

MN4 MN3 MN2 MN1 

Vq  

Vdd  
 

Vin
+ Vin

− 

Iss 
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Figure 2-8. Positive feedback amplifier (PFA) 

 

 
Figure 2-9. Simplified small signal model for the positive feedback amplifier 
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Figure 2-9 shows the small signal model for PFA. For simplicity, the channel-length 
modulation effect is ignored here. The following expressions (2.17) and (2.18) can be 
obtained from Figure 2-9 (a) and Figure 2-9 (b): 
 

𝑉𝑉𝑜𝑜𝑎𝑎𝑡𝑡− = −(𝑎𝑎𝑚𝑚𝑚𝑚1 ∗ 𝑉𝑉𝑖𝑖𝑚𝑚+ + 𝑎𝑎𝑚𝑚𝑚𝑚3 ∗ 𝑉𝑉𝑜𝑜𝑎𝑎𝑡𝑡+ ) ∗
1

𝑎𝑎𝑚𝑚𝑚𝑚1
   (2.17) 

 

𝑉𝑉𝑜𝑜𝑎𝑎𝑡𝑡+ = −(𝑎𝑎𝑚𝑚𝑚𝑚2 ∗ 𝑉𝑉𝑖𝑖𝑚𝑚− + 𝑎𝑎𝑚𝑚𝑚𝑚4 ∗ 𝑉𝑉𝑜𝑜𝑎𝑎𝑡𝑡− ) ∗
1

𝑎𝑎𝑚𝑚𝑚𝑚2
   (2.18) 

 
Due to the symmetrical structure of PFA, 𝑎𝑎𝑚𝑚𝑚𝑚1 = 𝑎𝑎𝑚𝑚𝑚𝑚2  , 𝑎𝑎𝑚𝑚𝑚𝑚3 = 𝑎𝑎𝑚𝑚𝑚𝑚4 , 𝑎𝑎𝑚𝑚𝑚𝑚1 = 𝑎𝑎𝑚𝑚𝑚𝑚2 . 
(2.18) can be rewritten as: 
 

𝑉𝑉𝑜𝑜𝑎𝑎𝑡𝑡+ = −(𝑎𝑎𝑚𝑚𝑚𝑚1 ∗ 𝑉𝑉𝑖𝑖𝑚𝑚− + 𝑎𝑎𝑚𝑚𝑚𝑚3 ∗ 𝑉𝑉𝑜𝑜𝑎𝑎𝑡𝑡− ) ∗
1

𝑎𝑎𝑚𝑚𝑚𝑚1
   (2.19) 

 
(2.19) − (2.17), obtaining 
 

𝑉𝑉𝑜𝑜𝑎𝑎𝑡𝑡+ − 𝑉𝑉𝑜𝑜𝑎𝑎𝑡𝑡− =
𝑎𝑎𝑚𝑚𝑚𝑚1

𝑎𝑎𝑚𝑚𝑚𝑚1
∗ (𝑉𝑉𝑖𝑖𝑚𝑚+ − 𝑉𝑉𝑖𝑖𝑚𝑚−) +

𝑎𝑎𝑚𝑚𝑚𝑚3

𝑎𝑎𝑚𝑚𝑚𝑚1
∗ (𝑉𝑉𝑜𝑜𝑎𝑎𝑡𝑡+ − 𝑉𝑉𝑜𝑜𝑎𝑎𝑡𝑡− )   (2.20) 

 

𝐴𝐴1 =
𝑉𝑉𝑜𝑜𝑎𝑎𝑡𝑡+ − 𝑉𝑉𝑜𝑜𝑎𝑎𝑡𝑡−

𝑉𝑉𝑖𝑖𝑚𝑚+ − 𝑉𝑉𝑖𝑖𝑚𝑚−
=

𝑎𝑎𝑚𝑚𝑚𝑚1
𝑎𝑎𝑚𝑚𝑚𝑚1

1− 𝑎𝑎𝑚𝑚𝑚𝑚3
𝑎𝑎𝑚𝑚𝑚𝑚1

=
𝑎𝑎𝑚𝑚𝑚𝑚1

𝑎𝑎𝑚𝑚𝑚𝑚1 − 𝑎𝑎𝑚𝑚𝑚𝑚3
   (2.21) 

 
When taking account of channel length modulation, (2.21) can be rewritten as: 
 

𝐴𝐴1 =
𝑉𝑉𝑜𝑜𝑎𝑎𝑡𝑡+ − 𝑉𝑉𝑜𝑜𝑎𝑎𝑡𝑡−

𝑉𝑉𝑖𝑖𝑚𝑚+ − 𝑉𝑉𝑖𝑖𝑚𝑚−
=

𝑎𝑎𝑚𝑚𝑚𝑚1
𝑎𝑎𝑚𝑚𝑚𝑚1 + 𝑎𝑎𝑜𝑜𝑚𝑚1 + 𝑎𝑎𝑜𝑜𝑚𝑚3 + 𝑎𝑎𝑜𝑜𝑚𝑚1

1− 𝑎𝑎𝑚𝑚𝑚𝑚3
𝑎𝑎𝑚𝑚𝑚𝑚1 + 𝑎𝑎𝑜𝑜𝑚𝑚1 + 𝑎𝑎𝑜𝑜𝑚𝑚3 + 𝑎𝑎𝑜𝑜𝑚𝑚1

   (2.22) 

 
If 𝑎𝑎𝑚𝑚𝑚𝑚3 ≈ 𝑎𝑎𝑚𝑚𝑚𝑚1 + 𝑎𝑎𝑜𝑜𝑚𝑚1 + 𝑎𝑎𝑜𝑜𝑚𝑚3 + 𝑎𝑎𝑜𝑜𝑚𝑚1 , the DC gain of the PFA will be very large. The 
advantage of PFA is that it can achieve a moderate gain without cascode, which is suitable for 
low power application. In this thesis, when extreme situation is simulated, the voltage can be 
as low as 0.95V, and the temperature can be as low as −40 C0 . Cascode op amp which has at 
least a stack of four transistors (two PMOS and two NMOS transistors) is not a good option 
here.  
 
The PFA in Figure 2-8 has a PMOS differential input pair. In order to keep the input pair in 
saturation region, the common mode (CM) input voltage should satisfy: 
 

𝑉𝑉𝑖𝑖𝑖𝑖 − (𝑉𝑉𝐼𝐼𝐼𝐼𝐼𝐼 + |𝑉𝑉𝐺𝐺𝐺𝐺𝑚𝑚1|) = 𝑉𝑉𝐶𝐶𝐶𝐶 ≥ 𝑉𝑉𝐺𝐺𝐺𝐺𝑚𝑚1 − |𝑉𝑉𝑡𝑡ℎ𝑚𝑚1|   (2.23) 
 

It is easy to see that VCM = Vdd /3 is a good value to keep all the transistors in saturation 
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region, so that the DC gain of PFA is maximized. The reference voltage Vref = Vdd /3, which 
is why the PFA with a PMOS input pair is used here. 
 
The second stage of the op amp is a differential pair with active current mirror, as shown in 
Figure 2-10. The size of the transistors MP3 and MP4 is equal, so are MN5 and MN6. The 
DC gain for this amplifier is deduced in [3], as follows: 
 

𝐴𝐴2 =
𝑉𝑉𝑞𝑞

𝑉𝑉𝑖𝑖𝑚𝑚2
+ − 𝑉𝑉𝑖𝑖𝑚𝑚2

− = 𝑎𝑎𝑚𝑚𝑚𝑚5 ∗ (𝑟𝑟𝑜𝑜𝑚𝑚5||𝑟𝑟𝑜𝑜𝑚𝑚3)   (2.24) 

 

 
Figure 2-10. The differential pair with active current mirror  
 

 
(a) The first stage－PFA 

Vq  

MN5 MN6 

Vin 2
+  Vin 2

−  

Vdd  

MP3 MP4 
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(b) The second stage－differential pair with active current mirror 

 
(c) The two-stage Opamp 

Figure 2-11. Bode plots of the gain for amplifiers at different corners 

 

The total gain for the two-stage op amp equals 
 

𝐴𝐴 = 𝐴𝐴1 ∗ 𝐴𝐴2 =

𝑎𝑎𝑚𝑚𝑚𝑚1
𝑎𝑎𝑚𝑚𝑚𝑚1 + 𝑎𝑎𝑜𝑜𝑚𝑚1 + 𝑎𝑎𝑜𝑜𝑚𝑚3 + 𝑎𝑎𝑜𝑜𝑚𝑚1

1− 𝑎𝑎𝑚𝑚𝑚𝑚3
𝑎𝑎𝑚𝑚𝑚𝑚1 + 𝑎𝑎𝑜𝑜𝑚𝑚1 + 𝑎𝑎𝑜𝑜𝑚𝑚3 + 𝑎𝑎𝑜𝑜𝑚𝑚1

∗ 𝑎𝑎𝑚𝑚𝑚𝑚5 ∗ (𝑟𝑟𝑜𝑜𝑚𝑚5||𝑟𝑟𝑜𝑜𝑚𝑚3)   (2.25) 

 
The simulation for the frequency response of op amp’s gain at different corners is shown in 
Figure 2-11. The common mode (CM) input voltage for this op amp is Vdd /3. The corners 
contains the combinations of the voltage at 0.95V and 1.3V, the temperature at −40 C0  and 
125 C0 , and the process variations (the nominal model, the strong model and the weak model). 
Figure 2-11 (a) shows that the first stage of the op amp, the PFA, has a DC gain varying from 
15.492dB to 19.787dB. Figure 2-11 (b) shows that the second stage of the op amp, the 
differential pair with active current mirror, has a DC gain varying from 23.86dB to 28.5dB. 
Figure 2-11 (c) shows that the complete two-stage op amp’s DC gain ranges from 41.874dB 
to 50.536dB, a total variation of 8.66dB. This DC gain of the op amp does not deteriorate 
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very much due to temperature, voltage and process variation. And a DC gain around 40dB is 
proved to be sufficient for this oscillator design. 
 
Another observation is that the dominant pole p2 of the first stage lies around 108Hz, while 
the dominant pole p1 of the second stage lies between 105Hz and 106Hz. Figure 2-11 (c) 
shows that for the complete op amp, the dominant pole is p1, and the second dominant is p2. 
p1 is the pole at the output of the op amp. As a result, p1 can be moved closer to the origin by 
adding a larger load capacitance C in Figure 2-4, which will increase the phase margin of the 
op amp. 
 

2.2.3 Current mirror 
In order to make Icap _charge = Iref , an accurate current mirror is crucial. The enhanced 
output-impedance current mirror [2] is adopted here, as shown in Figure 2-12. In the real 
circuit design, the width of MP2 is twice of that of MP1, so that Icap _charge = 2Iref . Here it is 
assumed that the size of MP1 and MP2 are exactly the same. The op amp in this structure will 
regulate the drain voltage of MP2, making it very close to the drain voltage of MP1. As a 
result, the drain-to-source voltage of MP2 will be very close to that of MP1, so is the drain 
current.  
 

 

Figure 2-12. The enhanced output-impedance current mirror 

 

The structure of this current mirror has some similarities to the voltage-to-current converter in 
Figure 2-4, as they both exploit a negative feedback using an op amp. And the negative 
feedbacks are both current-voltage feedbacks. The differences are 1) the op amp used in the 
voltage-to-current converter is PMOS based (Figure 2-7), which means the transistors for the 
input pair of the op amp are PMOS transistors, while the op amp used in the enhanced 
output-impedance current mirror is NMOS based; 2) the transistor connecting to the output of 
the op amp is NMOS for the op amp with PMOS input pair, but PMOS for the op amp with 
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NMOS input pair. The reason for the above differences is because of the common mode (CM) 
input voltage. The CM input voltage for the op amp of the current-to-voltage converter is 
Vdd /3, which is suitable for the op amp with a PMOS input pair. While the CM input voltage 
for the op amp of the current mirror has the following relationship in Figure 2-12: 
 

𝑉𝑉𝐶𝐶𝐶𝐶 = 𝑉𝑉𝑎𝑎1 = 𝑉𝑉𝑖𝑖𝑖𝑖 − |𝑉𝑉𝐺𝐺𝐺𝐺𝑚𝑚1|   (2.26) 
 
It is suitable for an op amp with a NMOS input pair, as shown in Figure 2-13. The CM input 
voltage for this op amp satisfies 
 

𝑉𝑉𝐺𝐺𝐺𝐺𝑚𝑚1 + 𝑉𝑉𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑉𝑉𝐶𝐶𝐶𝐶 ≤ 𝑉𝑉𝑖𝑖𝑖𝑖 − |𝑉𝑉𝐺𝐺𝐺𝐺𝑚𝑚1| + 𝑉𝑉𝑡𝑡ℎ𝑚𝑚1   (2.27) 
 

 

Figure 2-13. The two-stage op amp with a NMOS input pair 

 

Stability of the Feedback   Because there is also a feedback in this current mirror, its 
stability needs to be checked. The circuit for checking the stability of the feedback in the 
enhanced output-impedance current mirror in Figure 2-14 is similar to that of Figure 2-5. 
When the reference current is fixed, the bias voltage Vg1 is fixed as well. MP2 can be seen as 
a resistor equal to roP 2 (its output impedance). The feedback is a current-voltage feedback. 
The open loop gain is  
 

𝐺𝐺𝑚𝑚 ,𝑜𝑜𝑐𝑐𝑟𝑟𝑚𝑚  =  
𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡
𝑉𝑉𝑐𝑐𝑐𝑐

= 𝐴𝐴 ∗ 𝑎𝑎𝑚𝑚𝑚𝑚3    (2.28) 

 
The loop gain is  
 

Vq  Vin
+ Vin

− 

Iss 

 MP1 

MN1 

Vdd  
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𝐺𝐺𝑚𝑚 ,𝑜𝑜𝑐𝑐𝑟𝑟𝑚𝑚 ∗ 𝑟𝑟𝑜𝑜𝑚𝑚2  =  
𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡
𝑉𝑉𝑐𝑐𝑐𝑐

∗ 𝑟𝑟𝑜𝑜𝑚𝑚2 = 𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡 ∗ 𝑟𝑟𝑜𝑜𝑚𝑚2 = 𝑉𝑉𝑟𝑟    (2.29) 

 
(2.29) indicates that the stability of the feedback can be observed from the relationship 
between the amplitude and phase of Vf. When the whole circuit for the oscillator is built, the 
resistor R in Figure 2-4 (the reference generation circuit) ranges from 100kΩ to 240kΩ due 
to the trimming, which is introduced in the later section. In the simulation, the supply voltage 
Vdd  varies from 0.95V to 1.3V. As the reference voltage Vref = Vdd /3, the reference current 
Iref  ranges from 1.32uA (0.95V*0.33/240kΩ) to 4.33uA (1.3V*0.33/100kΩ) in the final 
schematic. This is why the values of 1uA and 5uA are chosen for the reference current Iref  to 
test the performance of the current mirrors. Iref  will set the bias voltage for the feedback 
circuit. The simulation contains all the corners which are the combinations of the voltage at 
0.95V and 1.3V, the temperature at −40 C0  and 125 C0 , and the process variations (the 
nominal model, the strong model and the weak model). The load capacitor C at the output of 
the op amp is to increase the phase margin of the op amp. In real circuit C = 1pF. Figure 
2-15 shows that the phase margin for this feedback is above 40 degree when the reference 
current  Iref = 1uA , and above 53 degree when  Iref = 5uA ; therefore the enhanced 
output-impedance current mirror is stable. The phase margin for the feedback can be easily 
increased by increasing the capacitor C.  

 

 
Figure 2-14. The circuit for checking stability of the feedback 
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(a) Iref = 1uA 

 
(b) Iref = 5uA 

 
Figure 2-15. Bode plots of the closed loop gain  

 

Merits   This current mirror displays several better properties compared to the classic 
cascode current mirror in Figure 2-16.  
1) As the name indicates, the enhanced output-impedance current mirror has much larger 

output impedance than the classic cascode one.  
2) The enhanced output-impedance current mirror is more accurate than the classic cascode 

one.  



2.2  Specific implementation 
 

 
19 

 

Figure 2-16. The classic cascode current mirror 
 
For the classic cascode current mirror: 
 

𝑅𝑅𝑜𝑜𝑎𝑎𝑡𝑡 = 𝑟𝑟𝑜𝑜2 + 𝑟𝑟𝑜𝑜3 + 𝑎𝑎𝑚𝑚3 ∗ 𝑟𝑟𝑜𝑜2 ∗ 𝑟𝑟𝑜𝑜3 ≈ 𝑎𝑎𝑚𝑚3 ∗ 𝑟𝑟𝑜𝑜2 ∗ 𝑟𝑟𝑜𝑜3   (2.30) 
 
For the enhanced output-impedance current mirror: 
 

𝑅𝑅𝑜𝑜𝑎𝑎𝑡𝑡 = 𝑟𝑟𝑜𝑜2 + 𝑟𝑟𝑜𝑜3 + (𝐴𝐴 + 1) ∗ 𝑎𝑎𝑚𝑚3 ∗ 𝑟𝑟𝑜𝑜2 ∗ 𝑟𝑟𝑜𝑜3 ≈ (𝐴𝐴 + 1) ∗ 𝑎𝑎𝑚𝑚3 ∗ 𝑟𝑟𝑜𝑜2 ∗ 𝑟𝑟𝑜𝑜3   (2.31) 
 
The output impedance of the enhanced output-impedance current mirror is (A+1) times larger 
than the classic cascode one. 
 
To compare the accuracy of the two current mirrors, a circuit is built up to test their 
performance in Figure 2-17. As explained above, the values of 1uA and 5uA are chosen for 
the reference current Iref  to test the performance of the current mirrors. The supply voltage 
Vdd  for this simulation is 1.1V. Table 2-1 and Table 2-2 show the current differences between 
the drain currents of the transistors MP1 and MP2 in both current mirrors at different process 
and temperature conditions. The accuracy of the enhanced output-impedance current mirror is 
better than the classic cascode counterpart at most of the corners, except the ones in bold font, 
corresponding to the strong model at high temperature with the reference current Iref = 1uA. 
The explanation is given as follows: 
 
The process transconductance k ̍n  of the transistor is given by [3]: 
 

𝑘𝑘  ̍𝑚𝑚 = 𝑎𝑎𝑚𝑚𝐶𝐶𝑜𝑜𝑚𝑚 =
𝑎𝑎𝑚𝑚𝜀𝜀𝑜𝑜𝑚𝑚
𝑡𝑡𝑜𝑜𝑚𝑚

   (2.32) 

 
un  is called the mobility. Cox  stands for the capacitance per area presented by the gate oxide. 
εox  is the oxide permittivity and tox  is the thickness of the oxide. When the transistor is in 
saturation region, the relationship between the drain current and the gate-to-source voltage 
VGS  for long-channel transistor ignoring the channel length modulation is [3]: 

Iref  
 

Icap _charge  
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𝐼𝐼𝐷𝐷 =
𝑘𝑘 ̍𝑚𝑚
2
𝑊𝑊
𝐿𝐿

(𝑉𝑉𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑇𝑇)2   (2.33) 

 
For the strong model of the transistor, the thickness of the oxide tox  is smaller, thus k ̍n  is 
bigger. At high temperature, the threshold voltage VT is smaller. To get the 1uA current, the 
required gate-to-source voltage VGS  is much smaller than that of the nominal model at room 
temperature. Therefore, Vg1  and Vd2  in Figure 2-17 is very high (Vg1 = 0.974V, Vd2 = 
0.940V, Vdd  = 1.1V) for strong model at the temperature of 125 C0  with Iref = 1uA, setting 
the CM input voltage of the op amp very high. The DC gain of the op amp will deteriorate 
when the CM input voltage is too high, thus failing to keep  Vd2 very close to  Vg1 . 
Consequently, the source current of MP2 differs from MP1 to a greater extent compared to the 
other corners. 
 

 
Figure 2-17. Circuits for simulating the accuracy of the current mirrors 
 

 

Table 2-1. The accuracy of the enhanced output-impedance current mirror over PVT 

T/ C0  
Iref  
/ uA 

Weak Model Strong Model Nominal Model 

MP1 MP2 ∆I/I MP1 MP2 ∆I/I MP1 MP2 ∆I/I 

-40 
1 0.9994 0.9992 0.02% 1.0004 1.0009 0.05% 0.9991 0.9992 0.01% 

5 4.9960 4.9942 0.04% 4.9868 4.9866 0.01% 4.9915 4.9906 0.02% 

27 
1 1.0003 1.0005 0.02% 1.0045 1.0079 0.34% 1.0012 1.0023 0.11% 

5 4.9976 4.9967 0.02% 4.9936 4.9959 0.05% 4.9953 4.9957 0.01% 

125 
1 1.0008 1.0045 0.40% 1.0088 1.0591 4.99% 1.0027 1.0185 1.58% 
5 4.9986 4.9998 0.02% 4.9989 5.0197 0.42% 4.9980 5.0041 0.12% 
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Table 2-2. The accuracy of the classic cascode current mirror over PVT 

T/ C0  
Iref  
/ uA 

Weak Model Strong Model Nominal Model 
MP1 MP2 ∆I/I MP1 MP2 ∆I/I MP1 MP2 ∆I/I 

-40 
1 0.9973 0.9986 0.13% 0.9915 0.9953 0.38% 0.9948 0.9974 0.26% 

5 4.9934 4.9925 0.02% 4.9765 4.9825 0.12% 4.9864 4.9892 0.06% 

27 
1 0.9986 1.0012 0.26% 0.9967 1.0028 0.61% 0.9976 1.0020 0.44% 

5 4.9955 4.9981 0.05% 4.9855 4.9970 0.23% 4.9913 4.9985 0.14% 

125 
1 0.9991 1.0061 0.70% 0.9999 1.0243 2.44% 0.9992 1.0131 1.39% 
5 4.9969 5.0063 0.19% 4.9920 5.0212 0.58% 4.9947 5.0132 0.37% 

 

2.2.4 The charge and discharge circuit 
Figure 2-18 illustrates the charge and discharge circuit. Icap _charge  is provided by the 
enhanced output-impedance current mirror. Vref = Vdd /3 in this circuit. The control signals 
Q and QZ are of the opposite voltage levels. When VQ  changes from high to low, MP1 is 
turned on and the current starts to charge the left branch. V1 starts to grow from zero with a 
constant slope as Icap _charge  is constant. At the same time, VQZ  changes from low to high, 
which switches off MP2 and turns on MN2, thus discharging the capacitor C in the right 
branch. When V1 crosses the threshold level Vref , the output of the upper comparator will 
make a transition, which will reverse the levels of Q and QZ through the digital logic circuit. 
The current Icap _charge  starts to charge the capacitor C in the right branch. The subsequent 
operations will be consistent with the above due to the symmetry of the circuit.  
 

 
Figure 2-18. The charge and discharge circuit 
 

The Switch   The switches for controlling which branch to charge have to be PMOS 
transistors. Assuming the current Icap _charge  is charging the left branch and V1 varies from 
0 to Vref , in order to keep the current flowing through the transistor MP1 equal to Icap _charge , 
the gate-to-source voltage of the transistor cannot fluctuate too much. If NMOS transistor is 
used as switch, the gate-to-source voltage will vary from Vdd  to Vdd − Vref , which is too 
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much variation and is too high for a low current Icap _charge  of only several microamperes. By 
using a PMOS transistor, the gate-to-source voltage of the transistor only needs to adjust a 
little when its drain-to-source voltage varies by Vref .  
 

The Comparator   The comparator in the circuit has the same structure as the op amp 
used in the reference generation circuit shown in Figure 2-7. However, as discussed in section 
2.1.2, the transition delay of the comparator after the threshold crossing point should be 
minimized to reduce its variation, thus increasing the frequency accuracy. To confirm this in 
simulation, two comparators of the same type as in Figure 2-7, but with different bandwidth 
are designed. Figure 2-19 is the circuit to check the bandwidth of the comparator. Because in 
the oscillator circuit the output of the comparator will connect to a XOR gate, which will 
affect the bandwidth of the comparator, the same XOR gate is added here. Figure 2-20 shows 
the bandwidth of the two comparators. Comparator A on the left side has a 3dB bandwidth of 
288.27MHz, while comparator B’s 3dB bandwidth is 398.66MHz. The comparator B has a 
higher bandwidth due to the smaller size of transistors than comparator A. As a result, the 
speed of comparator B is faster than comparator A. 

 
Figure 2-19. Check the bandwidth of the comparator 

 

 

Figure 2-20. The bandwidth of two comparators 
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The schematic of the final oscillator design with comparator A and the same schematic with 
comparator B are simulated respectively to see the difference of frequency variation. The R 
and C in the oscillator are chosen to set the frequency to 10MHz. Table 2-3 shows some 
measurements of the oscillator at two simulation corners: 1.1V, 27 C0  and 0.95V, −40 C0 . 
For the simulation with the slower comparator A, the delay after the threshold crossing point 
is 700.0ps and 1000.1ps respectively at two corners, so ∆𝑡𝑡𝑖𝑖1 = 300.1ps; while it is 527.3ps 
and 656.3ps for the faster comparator B, resulting ∆𝑡𝑡𝑖𝑖2 = 129.0ps. The frequency difference 
for simulation with comparator A is larger than that of comparator B. This conforms (2.12), 
that is, the smaller td , the smaller ∆𝑡𝑡𝑖𝑖  and the frequency variation are. And the effective way 
to reduce 𝑡𝑡𝑖𝑖  is to increase the bandwidth of the comparator, thus increasing its speed of 
comparison.  
 

Table 2-3. The simulation result of the oscillator with different comparators 

 Vdd, Temp. Tper /2 td,h  f difference 

Comparator A 
1.1V, 27 C0  51.668ns 700.0ps 9.68MHz 

1.1% 
0.95V, −40 C0  52.245ns 1000.1ps 9.57MHz 

Comparator B 
1.1V, 27 C0  51.323ns 527.3ps 9.74MHz 

0.5% 
0.95V, −40 C0  51.606ns 656.3ps 9.69MHz 

 

Another observation is that the frequency increases slightly at the same corner when replacing 
comparator A by comparator B in the oscillator. The reason is as follows: in Figure 2-18, 
when the current Icap _charge  is charging capacitor C (take the left branch as example), the 
positive input transistor of the upper comparator and the discharge switch MN1 are drawing a 
very small amount of current as well, because they connect to the output of the current mirror 
as well. The amount of the current shunted by the positive input transistor depends on the 
ratio between its gate capacitance and capacitor C. Because the size of the transistors in 
comparator B is smaller than that in comparator A, the gate capacitance of comparator B is 
smaller than that of comparator A; therefore the current shunted by the positive input 
transistor of comparator B is smaller than that of comparator A. It means there is more current 
charging capacitor C, which will shorten the period of oscillation. The measurements in Table 
2-4 conform the explanation above.  
 

Table 2-4. Measurement of the simulation of the oscillator with different comparators 

 Vdd, Temp. IC,ave  Iinp ,ave  f 
Comparator A 1.1V, 27 C0  5.095uA 33.3nA 9.68MHz 
Comparator B 1.1V, 27 C0  5.112uA 16.1nA 9.74MHz 

 

2.2.5 Logic circuit 
The logic circuit in the oscillator is used to capture the rising edge at the output of the 
comparators and reverse the levels of control signals. It should contain a memory cell to store 
the previous state of the control signal. The memory cell can be D-flip-flop or RS-flip-flop, 
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corresponding to two types of circuits, as shown in Figure 2-21 and Figure 2-22.  
 
For both circuits, when the enable signal “EN” is low, control signals for the charge and 
discharge circuit Q and QZ are both high, preventing the current Icap _charge  in Figure 2-18 to 
charge either of the capacitor C. In the D-flip-flop circuit, when the enable signal “EN” turns 
high, Q will be pulled down to low because the initial output of the D-flip-flop is low, while 
QZ remains high. When either of the comparators makes a transition from low to high at the 
threshold crossing point (the other one remain at low), the XOR gate will generate a rising 
edge to trigger the D-flip-flop. The output of the D-flip-flop will be reversed. And the whole 
circuits starts to oscillator. In the RS-flip-flop circuit, when the enable signal “EN” is high, Q 
will be pulled down to low first because the enable signal “EN” is delayed for the lower 
NAND gate. QZ will remain high. When either of the comparators makes a transition from 
low to high (the other remain at low), the RS-flip-flop will toggle. And the whole circuits 
starts to oscillator. 
 
The advantage of the RS-flip-flop circuit is its symmetry in structure; While in D-flip-flop 
circuit Q will always make transition earlier than QZ because of the inverter INV1, though 
the time difference is very small. One can expect that the duty-cycle of the oscillator using 
RS-flip-flop circuit is closer to 50% than that of the oscillator using D-flip-flop circuit in real 
implementation. 

 
Figure 2-21. The logic circuit with D-flip-flop 

 
Figure 2-22. The logic circuit with RS-flip-flop 
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2.2.6 Trimming for R and C 
The capacitor C used in this oscillator is low voltage metal flux capacitor, while the resistor R 
is P-type silicide block zero-temperature coefficient resistor. Table 2-5 shows some 
information of the modeling of the capacitor and resistor in the spice model. TCC1and TCR1 
stands for the major temperature coefficient of the capacitor and the resistor, respectively. The 
variation of the capacitance for C is ±42% over different process corners. The variation of 
the resistance for R is ±15% over different process corners. 
 
Table 2-5. Information for the resistor R and capacitor C 

 Strong model Nominal model Weak model 
Capacitance for minimum 

cell (fF) 
14 24.2 34.4 

TCC1 (ppm/ C0 ) -25 -25 -25 
Sheet resistance (ohms/sq) 341.7 402.2 462.5 

TCR1 (ppm/ C0 ) 88 38.3 -12 

 

In the real circuit design of the enhanced output-impedance current as shown Figure 2-12, the 
width of the transistor MP2 is twice of that of MP1, so Icap _charge = 2Iref . As a result,  
 

𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑐𝑐𝑖𝑖  =  
1 
𝑅𝑅𝐶𝐶

   (2.34) 

 

In this oscillator design with nominal model, assuming R = 100kΩ, to obtain an output 
frequency at 10MHz, C should equal to 1pF. However, when applying strong model, the 
value for R and C will decrease a lot, that is, R = 100(1− 15%) = 85kΩ, C = 1000(1 −
42%) = 580fF. The corresponding ideal frequency is 20.3MHz. For weak model, R =
100(1 + 15%) = 115kΩ, C = 1000(1 + 42%) = 1420fF, the corresponding frequency is 
6.1MHz. In actual production, the process variation on the resistor R and the capacitor C can 
be any value between the strong model and the weak model. The first target is to be able to 
reach the vicinity of 10MHz for any possible process variation. This target can be reached by 
trimming the resistor R. Assuming the capacitor is fixed and its nominal value C =1pF. For 
strong model, C decreases to 580fF; to obtain a frequency of 10MHz, R should equal to 
172 kΩ for strong model, which means the nominal value of R is 202.4kΩ. For weak model, 
C increases to 1420fF; to obtain a frequency of 10MHz, R should equal to 70.4 kΩ for weak 
model, which means the nominal value of R is 61.2 kΩ. When the capacitor is fixed with the 
nominal value of 1pF, the trimming for the resistor R should be able to cover the range from 
61.2 kΩ to 202.4 kΩ. 
 
The second design target is to obtain an output frequency closer enough to 10MHz for any 
possible variation, that is, the resolution of trimming should be high enough. Assuming the 
frequency variation of the oscillator over temperature and voltage for a fixed R and C 
is ±1.0%, if the resolution of trimming is 1%, the frequency variation over temperature, 
voltage and process will be ±1.5%. The high resolution trimming is implemented on the 
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capacitor by connecting multiple small capacitors in parallel. By controlling the number of 
the small capacitors connecting to the circuit, the value of the total capacitor C in the circuit 
can be tuned with a high resolution. If the maximum total capacitance C =1pF, assuming 
40% of it is allocated for trimming, 400fF capacitance should be provided by the small 
capacitors, and the other 600fF is base capacitor which is always connected in the circuit. To 
achieve a trimming resolution of 1%, the capacitance of the small capacitor should be no 
more than 6fF. If the total capacitance can change by a maximum 40%, the variation of the 
resistance on R should be less than 40% between two neighboring trimming values, so that 
the combination of the trimming values R and C can make the oscillator traverse a continuous 
frequency band with a resolution no less than 1%. 
 
When the capacitor is trimmable, the trimming range of resistor R obtained above can be 
adjusted. For example, in weak model, the lowest total capacitance can be C = 60% ∗
1000(1 + 42%) = 852fF, by disconnecting all the small capacitors from the circuit. To 
obtain a frequency of 10MHz, the nominal value of R is 102.1 kΩ. The trimming range of 
resistor R is from 102.1 kΩ to 202.4 kΩ. 
 
The scheme for the resistor trimming is shown in Figure 2-23. The base resistance is 100 kΩ. 
By controlling the 3-bit fuses, the total resistance R can vary from 100 kΩ to 240 kΩ with a 
resolution of 20 kΩ. 

 

Figure 2-23. The scheme for the resistor trimming 
 
As discussed above, for a total capacitance of 1pF with 40% trimmable, the smallest capacitor 
should be no more than 6fF in order to get 1% resolution. However, if there is only one kind 
of capacitors with capacitance of 6fF, the number of 6fF capacitors needs to be 67 (400fF/6fF) 
in each branch. The base capacitor should be 600fF. In the actual implementation, different 
from the scheme with a big base capacitor and multiple small capacitors, a scheme consisting 
of two kinds of trimmable capacitors with different capacitances is designed, as shown in 
Figure 2-24 and Figure 2-25. The total number of capacitors is 30. In Figure 2-24, C0 = 4.2fF, 
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C1=65fF. The maximum capacitance is 65fF ∗ 15 + 4.2 ∗ 15 =1038pF. In Figure 2-25, 8-bit 
fuses are used to control the total capacitance. Depending on the trimmable percentage of the 
capacitance, one can reduce the number of actual bits being used by connecting the most 
significant bits to a constant high voltage level. As 65fF − 4.2 ∗ 15 = 2fF, the maximum gap 
of two neighboring capacitances is still 4.2fF; Therefore, for a 40% trimmable range, the 
resolution of this capacitor trimming is 4.2/(1038 ∗ 0.6) = 0.67%. And the base capacitance 
is 1038fF ∗ 0.6 = 622.8fF > 65fF ∗ 8 = 520fF, thus the most significant bit (MSB) is not 
needed and can be directly connected to a constant high voltage level. The actual bits used for 
capacitor trimming are VT_TRIM<6:0>. 
 

 
Figure 2-24. Two kinds of capacitor cells for capacitor triming  
 

 
Figure 2-25. The scheme for capacitor trimming  
 
The total number of fuses for the trimming of resistor and capacitor is 11. The fuses are 
denoted as VT_TRIM<10:0>. VT_TRIM<10:8> determine the resistance. VT_TRIM<7:4> 
control the number of the bigger capacitor cells C1 in the circuit. VT_TRIM<3:0> control the 
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number of the smaller capacitor cells C0. Although the actual trimming bits used for C1 can 
be reduced by connecting one or two MSBs to a constant high level in the final circuit, they 
can still be counted as trimming bits. One simple way to represent the combination of the 
11-bit fuses is using three hexadecimal digits “XYZ”. For instance, if XYZ=“1C6”, it stands 
for VT_TRIM<10:8>  = 001, VT_TRIM<7:4>  = 1100 and VT_TRIM<3:0>  = 0110. The 
relationship between the actual resistance R and the hexadecimal digit X for VT_TRIM<10:8> 
is as follows: 
 

𝑅𝑅 = 100 + (7− 𝑋𝑋) ∗ 20 (𝑘𝑘𝑘𝑘)   (2.35) 
 
The relationship between the actual capacitance C and the hexadecimal digits Y and Z for 
VT_TRIM<7:4> and VT_TRIM<3:0> is: 
 

𝐶𝐶 = 𝑌𝑌 ∗ 𝐶𝐶1 + 𝑍𝑍 ∗ 𝐶𝐶0 (𝑟𝑟𝑓𝑓)   (2.36) 
 
Combine (2.34), (2.35) and (2.36), the expression for the ideal frequency is: 
 

𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑐𝑐𝑖𝑖 =
1
𝑅𝑅𝐶𝐶

=
106

(100 + (7 − 𝑋𝑋) ∗ 20)(𝑌𝑌 ∗ 𝐶𝐶1 + 𝑍𝑍 ∗ 𝐶𝐶0)
 (𝐶𝐶𝑀𝑀𝑀𝑀)   (2.37) 

 
In the final schematic of the oscillator design, the nominal capacitances for the two capacitors 
cells in Figure 2-24 are a little smaller than the predesigned values. The reason is that the 
actual capacitance of the capacitor in the oscillator is larger than its nominal value, due to the 
parasitic capacitor in parallel with it. To make the actual capacitance of the capacitor closer to 
the predesigned value, the nominal value is reduced.  
 

2.3 Simulation and analysis 
Frequency Variation   Now every component or sub-circuit from section 2.2.1 to 2.2.6 is 
connected together and the schematic of the oscillator is finalized. When the schematic design 
is finished, the corresponding layout of the circuit is produced afterwards. A problem for the 
layout is that the minimum metal flux capacitor (C0 < 4fF) required in the circuit is smaller 
than the allowed minimum value in the layout (about 15fF). If the number and length of the 
fingers are reduced further, it will generate DRC errors. For the production of the circuit, it is 
required to have free DRC errors in the layout. The metal flux capacitor contains a flux layer 
in the layout of the standard cell. By flattening the standard cell of the metal flux capacitor 
and removing this flux layer, the capacitor is still a metal-to-metal capacitor, whose properties 
should remain the same. Now the capacitor without the flux layer will be treated as parasitic 
capacitor by the simulation tool, which clears the DRC errors. The layout of the 
metal-to-metal capacitor with and without flux is shown in Figure 2-26. Two layouts for the 
oscillator are produced, one with the flux capacitors, the other with the none-flux capacitors. 
Parasitic extractions with the options of Cmax and T=125 C0  are done for the two layouts as 
well. 
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The simulation is run for the schematic, the extracted views for the layout with flux capacitors 
and for the layout with none-flux capacitors. The simulation contains the corners which are 
combinations of the supply voltage Vdd  at 0.95V and 1.3V, the temperature at −40 C0  and 
125 C0 , and the process variations (the nominal model, the strong model and the weak model). 
The frequency variation for each view is shown in Table 2-6.  
 

 
Figure 2-26. The layout for metal-to-metal capacitor with and without flux layer  
 
As Table 2-6 illustrates, the frequency variation for the nominal model in the schematic is the 
lowest, around ±0.58%. It is a litter higher for weak model, around ±0.63%. It is even 
higher for strong model, around ±0.69%. One possible explanation for this phenomenon is 
that the temperature coefficients for R and C compensate each other quite well in nominal 
model as shown in Table 2-5, thus the variation of the product RC over temperature is the 
least compared to two other models, so is the frequency variation. The variation of the 
product RC over temperature in weak model is a little higher that in nominal model, but still 
lower than that in strong model. That is why the frequency variation of the weak model is 
higher than that of the nominal model, but is lower than that of the strong model. The 
frequency variation for the extracted view with flux capacitors is higher than those in the 
schematic, which is reasonable, as more parasitic capacitors are added in the layout for the 
simulation. The frequency variation for the extracted view with none-flux capacitors is the 
highest, because the simulation tools treat all the none-flux capacitors as parasitic capacitors, 
which would add more nonlinearity. The resolution of the trimming is good as well, which is 
smaller than 1% for the simulation of all the views.  
 
The frequency variation for the extracted view with none-flux capacitors is the highest, which 
has a lower trimming resolution as well. The worst total frequency variation of the oscillator 
is ±(0.87 + 0.57 2⁄ )% = ±1.155%.  
 
Figure 2-27 shows the frequency variation in nominal model when the trimming value XYZ 
decreases from 5DF to 5C0. There is a frequency overlap when XYZ changes from 5D0 to 
5CF, where one more bigger capacitor cell C1 is switched off while all the 15 smaller 
capacitor cells are turned on. The little redundancy can guarantee that the resolution of the 

(with) (without) (with) (without) 
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trimming at all the corners is determined by the smaller capacitors. 
 

Table 2-6. Frequency variation for different views of the oscillator 

 
Trimming 
value XYZ 

Upper bound 
(MHz) 

Lower bound 
(MHz) 

Variation 
(±%) 

Schematic/nominal 
model 

5D4 10.109 9.993 0.58 
5D5 10.058 9.945 0.56 

Trimming Resolution ∆f/10MHz (%) 0.51 0.48  
Schematic/weak 

model 
7B3 10.104 9.977 0.63 
7B4 10.039 9.918 0.61 

Trimming Resolution ∆f/10MHz (%) 0.65 0.59  
Schematic/strong 

model 
0FE 10.084 9.954 0.65 
0FF 10.050 9.912 0.69 

Trimming Resolution ∆f/10MHz (%) 0.34 0.42  
Extracted view with 

flux capacitors 
5B9 10.097 9.952 0.72 
5BA 10.039 9.895 0.72 

Trimming Resolution ∆f/10MHz (%) 0.58 0.57  
Extracted view with 
none-flux capacitors 

6AA 10.128 9.9536 0.87 
6AB 10.071 9.898 0.87 

Trimming Resolution ∆f/10MHz (%) 0.57 0.56  
 
 

 
Figure 2-27. Frequency variation for trimming values from 5DF to 5C0 
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Startup Time   The specifications require that the oscillator should be able to start up and 
stabilize in no more than 2us. The time this oscillator needed to generate a stable output 
waveform when it is enabled is less than 500ns, which is fast enough for this application. 
 
Current Consumption   For the specific application, the oscillator is disabled most of 
time; therefore, the current consumption when the oscillator is running is of minor concern, 
while the total current consumption of the oscillator when it is disabled is much more 
important. Switches are added to every branch of the circuit where a considerable amount of 
current flows, in order to cut off the current by pulling down the enable signal. In the final 
schematic, when it is disabled, the total current consumption of the oscillator is less than 8uA. 
When it is turned on and starts to oscillate, the maximum average current of the oscillator is 
around 1mA.  
 
Jitter   Jitter is the random fluctuations in oscillation period, which originates from the 
circuit noise [7]. Jitter of an oscillator can be modeled as a stochastic process that displaces 
time in a noise-free signal [12]. The noisy signal with jitter in presence is: 
 

𝑣𝑣𝑚𝑚 (𝑡𝑡) = 𝑣𝑣(𝑡𝑡 + 𝑗𝑗(𝑡𝑡))   (2.38) 
 
where jitter j(t) is assumed to be a zero-mean process and v(t) is a periodic signal with 
frequency 𝑟𝑟0. Jitter j(t) can be related to phase noise by: 
 

𝜙𝜙(𝑡𝑡) = 2𝜋𝜋𝑟𝑟0𝑗𝑗(𝑡𝑡)   (2.39) 
 
Simulation tools usually can plot the spectrum of the phase noise, which can be used to 
calculate the jitter with (2.39). 
 

 
Figure 2-28. The noise sources contributing the jitter in the oscillator 
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As illustrated in Figure 2-28, there are two main noises sources contributing to the jitter of the 
relaxation oscillator [6] [9]: 
1) The noise current in  in parallel with the charge current Icap _charge ; 
2) The noise voltage vn  in series with the threshold voltage of the comparators.  
 
Flicker noise usually dominates in the two noise sources at low-offset frequency. It is given as 
[3]: 
 

𝑣𝑣𝑚𝑚2��� =
𝐾𝐾

𝐶𝐶𝑜𝑜𝑚𝑚𝑊𝑊𝐿𝐿
1
𝑟𝑟

   (2.40) 

 
where K is a process-dependent constant. 𝐶𝐶𝑜𝑜𝑚𝑚  stands for the capacitance per area presented 
by the gate oxide. 𝑊𝑊 and 𝐿𝐿 stand for the width and length of the transistor. The channel 
thermal noise of transistor is another significant noise source, whose spectral density can be 
expressed as [3]: 
 

𝐼𝐼𝑚𝑚2� = 4𝑘𝑘𝑇𝑇𝑘𝑘𝑎𝑎𝑚𝑚    (2.41) 
 
where 𝑘𝑘 is a coefficient depends on the transistor’s length. 𝑎𝑎𝑚𝑚  is the transconductance. The 
corner frequency of the flicker noise is defined as the frequency where the spectral density of 
the flicker noise equals that of the thermal noise, which is [3]: 
 

𝑟𝑟𝐶𝐶 =
𝐾𝐾

𝐶𝐶𝑜𝑜𝑚𝑚𝑊𝑊𝐿𝐿
𝑎𝑎𝑚𝑚

𝑘𝑘
4𝑘𝑘𝑇𝑇

   (2.42) 

 
The single ended spectral density of the phase noise of the oscillator can be expressed as [12]: 
 

𝐺𝐺𝜙𝜙 (𝛥𝛥𝑟𝑟) = 𝑚𝑚 �
1
𝛥𝛥𝑟𝑟2 +

𝑟𝑟𝐶𝐶
𝛥𝛥𝑟𝑟3�   (2.43) 

 
Where n is the constant of proportionality. 𝛥𝛥𝑟𝑟 is the offset-frequency relative to the 
oscillation frequency. (2.43) suggests that the spectrum of the phase noise shows −30dB slope 
at low offset frequency where the flicker noise dominates, and display −20dB slope when 
thermal noise is dominant. 
 
The periodic steady state (PSS) and phase noise simulation is run to analyze the composition 
of the phase noise in the oscillator. Figure 2-29 shows the integrated output noise from 10kHz 
to 5MHz relative to the oscillation frequency 10MHz. “fn” stands for flicker noise, and “id” 
stands for channel thermal noise. The top two contributors are the current mirror transistors in 
the enhanced output-impedance current mirror, which are MP1 and MP2 in Figure 2-12. The 
next 12 contributors are all the transistors in the two comparators. The sum of their 
contributions to the total noise is 43.8%. The two current mirror transistors and the two 
comparators contribute 97% of the total noise. They are the major contributors of phase noise. 
The channel thermal noise of the two current mirror transistors is 1.2%.  
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Figure 2-29. The integrated output noise from 10kHz to 5MHz for oscillator A 
 
Expression (2.40) and (2.42) suggest that the spectral density of flicker noise and the corner 
frequency fC  can be halved by doubling the width or length of the transistor if other 
parameters remain unchanged. When the corner frequency fC  is halved, the phase noise 
should show a 3dB decline at low offset frequency, as indicated by (2.43). To investigate if 
the phase noise can be reduced by increasing the size of the transistors in the current mirror 
and the comparators, three oscillators are built with their only differences listed in Table 2-7. 
MP1C_M  and MP2C_M  stand for the transistor MP1, MP2 in the enhanced output-impedance 
current mirror in Figure 2-12. MP1CMP  stands for the positive input transistor MP1 in the 
comparator whose structure is shown in Figure 2-7. The oscillation frequency for all the 
oscillators is always 10MHz. 
 
Table 2-7. The parameters for the jitter simulation 

Transistor size �
W
L
�

MP 1C_M

/um �
W
L
�

MP 2C_M

/um �
W
L
�

MP 1CMP

/um 

Oscillator A 
32
2

 
64
2

 
4

0.12
 

Oscillator B 
32
4

 
64
4

 
4

0.12
 

Oscillator C 
32
2

 
64
2

 
2

0.1
 

 
The spectrum of the phase noise for oscillator A, B and C is shown in Figure 2-30. For 
oscillator B, whose current mirror transistors has a double length than that of oscillator A, the 
spectrum of phase noise the about 3dB lower than that of oscillator A. Oscillator C, whose 
transistors’ width in the comparators is half of that in oscillator A, displays a spectrum about 
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4.1dB higher than oscillator A. It confirms that the phase noise can be reduced by increasing 
the size of transistors in crucial devices. 
 

 
Figure 2-30. The phase noise spectrum for oscillator A, B and C 
 
The same observation can be obtained from the noise summary for oscillator A, B and C in 
Table 2-8. When the length of MP1C_M  and MP2C_M  are doubled in oscillator B, the flicker 
noise in them decreases significantly comparing to oscillator A, so is the total noise. The total 
noise of oscillator B is about half of the noise in oscillator A, corresponding to the 3dB 
difference in the spectrum of phase noise. The width of the transistors in comparators is 
halved in oscillator C comparing to oscillator A, which increases the flicker noise of the 
comparators significantly. With the other noises remained almost the same, the percentage of 
the comparators’ flicker noise in total noise also rises, so is the total noise. The total noise of 
oscillator C is about 1.6 times larger than that of oscillator A, corresponding to the 4.1dB 
increase in the spectrum of phase noise in Figure 2-30. 
 

Table 2-8. The integrated output noise from 10kHz to 5MHz for oscillator A, B and C 

Device Noise type 
Oscillator 

A 
% 

Oscillator 
B 

% 
Oscillator 

C 
% 

CMP1 Flicker 5.467E-3 21.9 3.984E-3 32.8 2.480E-2 38.4 
CMP2 Flicker 5.467E-3 21.9 3.984E-3 32.8 2.480E-2 38.4 

MP1C_M  Flicker 8.798E-3 35.3 2.485E-3 20.5 9.386E-3 14.5 
MP2C_M  Flicker 4.439E-3 17.8 1.276E-3 10.5 4.738E-3 7.3 
MP1C_M  Thermal 1.981E-4 0.80 1.195E-4 0.98 2.128E-4 0.33 
MP2C_M  Thermal 1.001E-4 0.40 6.171E-5 0.51 1.075E-4 0.17 

Total  2.490E-2  1.215E-2  6.456E-2  

 

Once the phase noise spectrum is plotted, the jitter for different oscillators can be obtained as 
well. Table 2-9 shows the RMS period jitter and accumulated jitter for the three oscillators. 
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The definition of RMS period jitter and accumulated jitter can be found in [12]. The period 
jitter is dominant by the noise at high offset frequency, while the accumulated jitter for a large 
number of periods is mainly subject to the noise at the low offset frequency. Because the 
spectrum of oscillator B is always lower than that of oscillator A, the period jitter and 
accumulated jitter for oscillator B are both lower than oscillator A. In contrast, oscillator C 
has a higher spectrum than oscillator A for the whole frequency band, so its jitter is always 
higher than oscillator A. The RMS period jitter for oscillator A is 149.7ps when the oscillation 
frequency is 10MHz. It can cause about 0.15% frequency variation. The worst frequency 
variation including voltage, temperature and process variation is ±1.155% as calculated 
before. The jitter will not deteriorate the frequency accuracy substantially. 
 
Table 2-9. The jitter for oscillator A, B and C 

 RMS period jitter 
RMS accumulated 
jitter (100 cycles) 

Offset frequency range <1Hz, 5MHz> <1Hz, 5MHz> 

Oscillator A 202.4ps 15.88ns 

Oscillator B 158.4ps 13.66ns 

Oscillator C 303.8ps 25.11ns 

 

2.4 Conclusion 
In this chapter a conventional relaxation oscillator is constructed step by step with the 
following major features: 
(1) Use a voltage divider to generate the reference voltage and a voltage-to-current converter 

to generate the reference current. In this way, the reference generation circuit is simplified 
to a great extent, without the need for accurate current source or bandgap references. 

(2) Exploit an accurate enhanced output-impedance current mirror to produce a precise 
duplicate of the reference current as the charging current. 

(3) Utilize a two-stage op amp consisting of a positive feedback amplifier and a differential 
pair with active current mirror to obtain a proper DC gain. The op amp serves as 
comparator in the oscillator as well. A high enough bandwidth and speed for the 
comparator can be obtained by reducing the size of transistors. 

(4) A trimming scheme on R and C is designed to maintain a continuous frequency band that 
can cover the 10MHz frequency with a good resolution for any process variation. 

(5) The layout is finished for this design, whose frequency variation is within 10MHz 
±1.155% with a RMS period jitter of 149.7ps. 
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Chapter 3 Relaxation Oscillator with Voltage 

Averaging Feedback  
 
The main cause limiting the accuracy of the conventional double-grounded-capacitor 
oscillator is the variation of the delay of the comparator, as discussed in section 2.1.2. 
Recently, a novel relaxation oscillation with a voltage averaging feedback (VAF) [10] is 
proposed to overcome this problem and achieve better frequency accuracy. This chapter 
mainly discusses how the relaxation oscillator with VAF is implemented and adapted for the 
specific application. The concept and operation principle of the oscillator with VAF will be 
introduced first briefly. In [10] this circuit is described to a full extent. 
 

3.1 Architecture and operation principle 

3.1.1 Voltage averaging feedback (VAF) concept  
The major feature the VAF has is that it eliminates the dependence of the oscillator’s output 
frequency on the comparator’s delay. Figure 3-1 shows the structure of the oscillator with 
VAF in [10], with additional circuits to ensure proper startup of the circuit. As illustrated in 
Figure 3-1, the voltage averaging feedback mainly consists of a RC integrator with a high DC 
gain op amp, whose reference voltage is provided by a resistive voltage divider. The output 
voltage VC  of the integrator provides the threshold voltage for the comparators, and the 
waveforms of the input voltage VOSC  is the summation of VOSC 1 and VOSC 2. During a stable 
oscillation, the DC voltage of VOSC  should equal to the reference voltage Vref , otherwise the 
output voltage VC of the integrator will go to infinite, which is impossible. 
 
The operation of the oscillator is as follows: 
1) When the whole oscillator is disabled, Q and QZ are both at high level. VOSC 1 and VOSC 2 

are zero. The initial voltage of VC  is set to a proper voltage by the additional circuit. The 
voltages at the outputs of the comparators are set to high. 

2) When the enable signal EN rises from low to high, the voltage at Q falls from high to low 
and QZ remains at high level. The falling of Q will enable the transistor MP1 and the 
transmission gate T1, so the RC connection in the left will be charged and the input 
voltage of the integrator VOSC  starts to follow the waveform of VOSC 1. VOSC 2 remains at 
zero during this period. 

3) When VOSC 1 exceeds the threshold voltage VC , the output of the comparator CMP1 falls 
from high to low, which will toggle the RS-flip-flop. Therefore, Q rises from low to high, 
QZ from high to low. 

4) The rising of Q will turn off MP1 and the transmission gate T1, and turn on MN1, so that 
VOSC 1 is isolated from VOSC , and VOSC 1 starts to drop due to the discharging of the 
capacitor through MN1. At the same time, the falling level of QZ will enable the 
transistor MP2 and the transmission gate T2, so the RC connection in the right side will 
be charged and the input voltage of the integrator VOSC  starts to follow the waveform of 



Chapter 3  Relaxation Oscillator with Voltage Averaging Feedback 
 

 
38 

VOSC 2.  
5) The same manners of operation as in 3) and 4) will happen in the left part of the oscillator 

and the right part alternatively. 

 

Figure 3-1. The Oscillator with VAF (Redrawn from [10]) 
 
In the first several oscillation periods, VC  may vary up and down substantially until the 
equilibrium is reached. The resistor R1 and capacitor C1 of the integrator should be large 
enough to ensure that the variation of VC  in one period of oscillation is within a small range 
before and after the equilibrium is reached. 
 

 
Figure 3-2. Modeling of oscillation (Redrawn from [10]) 
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Assuming the integrator is ideal; the negative input of the op amp should equal to Vref  and 
remain constant all the time. The half of the oscillator can be modeled as in Figure 3-2, where 
a step voltage is applied on the RC connection. If R1 ≫ R, the expression for the oscillation 
waveform is [10]: 
 

𝑉𝑉𝑂𝑂𝐺𝐺𝐶𝐶1,2(𝑡𝑡) = 𝑉𝑉𝑖𝑖𝑖𝑖 �1 − 𝑟𝑟
−𝑡𝑡
𝑅𝑅𝐶𝐶�   (3.1) 

 
As mentioned above, the DC voltage of VOSC  should equal to the reference voltage Vref , 
because of the voltage averaging feedback circuit. Therefore,  
 

1
𝑇𝑇
�𝑉𝑉𝑂𝑂𝐺𝐺𝐶𝐶1,2(𝑡𝑡)
𝑇𝑇

0

= 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟     (3.2) 

T is half of the oscillation period Tper . 
 
Assuming α = Vref Vdd⁄  and combining (3.1) and (3.2), the following equation is obtained: 
 

(1 − 𝛼𝛼)𝑇𝑇
𝑅𝑅𝐶𝐶

= 1 − 𝑟𝑟
−𝑇𝑇
𝑅𝑅𝐶𝐶    (3.3) 

 
The oscillation frequency is a function of the time constant RC and α. In this oscillator the 
output frequency is independent of the variation of the comparator’s delay td . Because if td  
changes, the threshold voltage Vc  for the comparator will be adjusted accordingly by the VAF 
in order to satisfy equation (3.3); therefore, the oscillation period remains unchanged, so is the 
frequency.   
 
According to (3.3), in this oscillator the oscillation frequency depends on not only R and C, 
but also on the coefficient for voltage divider α = Vref Vdd⁄ . Therefore, it is necessary to 
know the sensitivity of the oscillation period T to α. [10] defines the normalized sensitivity of 
T to α as (∆T/T) ∆α⁄ , which will reach the minimum value of 3.351 at  α = 0.535. The 
sensitivity will be increased by values lower or higher than 0.535.  
 

3.1.2 Sources for frequency variation 
In this oscillator, in order to obtain a constant frequency, the primary thing is to keep 
expression (3.3) hold all the time. However, (3.1) is the expression for the ideal case, which 
may deviate in the actual circuit. In Figure 3-2, expression (3.1) holds exactly only when all 
the current flowing through the resistor R is used to charge the capacitor C. In the actual 
circuit, R is not only connected to C, but also to the negative input of the comparator, the 
discharging transistor MN1 or MN2, and the transmission gate T1 or T2. These devices can 
all draw a very small amount of current from R when the RC connection is charged up. The 
gate capacitor of the input transistor of the comparator is in parallel with C; therefore, the size 
of this transistor has to be small so that its gate capacitance is much smaller than that of C. 
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The discharging transistor MN1 (MN2) is turned off when the RC circuit is charged. However, 
when the voltage on C rises substantially, even though the gate voltage on MN1 or MN2 is 
zero, the current leakage will increase due to the rise of channel voltage. The current flowing 
though the transmission gate is reduced by increasing the resistor R1. 
 
Another contributor causing the actual RC charging expression deviate from (3.1) is the 
transistor MP1 (MP2). When MP1 (MP2) is turned on, the current at the beginning can be 
very large. Even though the gate voltage for MP1 (MP2) is Vdd , the width-to-length ratio for 
the transistor still has to be set very high in order to make the channel voltage close to zero. In 
this way, the step voltage on R is Vdd . 
 
The design for a high accuracy oscillation frequency should minimize all the above error 
contributors. 
 

3.2 Specific implementation 

3.2.1 Op amp and comparator 
The structure of the op amp and comparators used in this circuit will be constructed from the 
ones in the previous chapter. The op amp and comparators used in the previous oscillator has 
only one type of input pair (NMOS or PMOS), due to the relative fixed common-mode input 
level. VCM  for the op amp in the reference generation circuit and the comparators are Vdd /3, 
while VCM  for the op amp in the enhanced output-impedance current mirror is above 2Vdd /3, 
as Vg1 for the current mirror in Figure 2-12 is always above 2Vdd /3 for the current needed. 
However, for the oscillator with VAF, an op amp and comparators with rail-to-rail input 
capability is needed. The reason is as follows:  
1) In next section, the trimming on the coefficient α will be introduced to compensate the 

huge frequency variation in strong and weak models. α will be able to vary from 0.43 to 
0.66, which means Vref  can vary from 0.43Vdd  to 0.66Vdd . 

2) When the oscillator is enabled, the integrator’s output VC , which is also the threshold 
voltage for the comparators, can vary substantially before the oscillation reach 
equilibrium. More importantly, the mechanism of the oscillator is to keep the oscillation 
frequency constant by adjusting VC  when the comparator’s delay varies. 
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Figure 3-3. Rail-to-rail op amp 
 
Figure 3-3 shows the schematic of the rail-to-rail op amp, which is basically the parallel 
connection of the op amp with a PMOS input pair in Figure 2-7 and the op amp with a NMOS 
input pair in Figure 2-13. The range for the common-mode input voltage VCM  of the NMOS 
input pair is expressed in (2.23). The op amp with NMOS input pair can operate well when 
VCM  is near the supply Vdd , while the DC gain can drop substantially when VCM  is low. The 
range for VCM  of the PMOS input pair is expressed in (2.27). The op amp with PMOS input 
pair can operate well when VCM  is low, while the DC gain can drop substantially when VCM  is 
near Vdd . By connecting the op amp with NMOS input pair and the one with PMOS input pair 
in parallel, there will always be at least one of the differential pairs stay active, when 
VCM  varies from near zero to near Vdd . Therefore, the DC gain and bandwidth of the op amp 
can keep a high performance and relatively stable.  
 

 
Figure 3-4. The gain performance of the rail-to-rail op amp for different 𝐕𝐕𝐂𝐂𝐂𝐂  

Vin
+ 

Vin
− 

Vin
+ Vin

− 
q 



Chapter 3  Relaxation Oscillator with Voltage Averaging Feedback 
 

 
42 

Figure 3-4 illustrates the gain performance of one implementation of the rail-to-rail op amp 
which is used as a comparator. For VCM  between 0.1Vdd  to 0.95Vdd  , the op amp can maintain 
a DC gain from 38.05dB to 45.5dB, which is sufficient to keep the comparator function well. 
Besides, the 3dB bandwidth is kept around 107Hz, so the speed of the comparator will not 
deteriorate very much when VCM  varies. 
 

3.2.2 Integrator 
The main component of the voltage averaging feedback circuit is the RC integrator as in 
Figure 3-5. Assuming the DC gain of the op amp is A, the transfer function of the integrator 
is: 
 

𝑉𝑉𝐶𝐶
𝑉𝑉𝑂𝑂𝐺𝐺𝐶𝐶

=
−𝐴𝐴

1 + 𝑗𝑗𝑗𝑗𝑅𝑅1𝐶𝐶1(𝐴𝐴 + 1)
   (3.4) 

 

 
Figure 3-5. The integrator in the VAF 
 
 

 
Figure 3-6. The bode plots for the op amp and integrator 
 
The bode plots for the op amp and the integrator is shown in Figure 3-6. When the DC gain A 
is high enough and the frequency is more than ten times of the 3dB frequency 𝑟𝑟0 =
1/(2𝜋𝜋𝑅𝑅1𝐶𝐶1(𝐴𝐴 + 1)), the transfer function of the integrator can be simplified to that of the 
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ideal integrator: 
 

𝑉𝑉𝐶𝐶
𝑉𝑉𝑂𝑂𝐺𝐺𝐶𝐶

=
−1

𝑗𝑗𝑗𝑗𝑅𝑅1𝐶𝐶1
   (3.5) 

 
In time domain, 
 

𝑉𝑉𝐶𝐶(𝑡𝑡) = −�
𝑉𝑉𝑂𝑂𝐺𝐺𝐶𝐶(𝑡𝑡)
𝑅𝑅1𝐶𝐶1

𝑖𝑖𝑡𝑡
𝑡𝑡

0
+ 𝑉𝑉𝐶𝐶(0)   (3.6) 

 
Expression (3.6) shows that the time constant R1C1 determines the startup time for 
stabilization when the oscillator is enabled. In [10], R1 is chosen to be 1MΩ and C1 is set as 
1pF, so τ = R1C1 = 1μs. The startup time is several microseconds, and usually 10τ = 10μs 
is needed to ensure a complete settling behavior. For this application, however, the required 
startup time for the oscillator should be less than 2μs. Therefore, to reduce the time constant, 
the values for R1 and C1 are set as R1 = 400kΩ, C1= 200fF. The time constant τ equals 
0.08μs, 12.5 times smaller than that in [10]. There are two types of metal flux capacitors used 
in this oscillator, one for single big capacitor around hundreds of femtofarad and another for 
capacitor trimming. They are called capacitor of type A and type B in this design. The 
variation over process for capacitor of type A is ±25.1%, and ±42% for capacitor of type B, 
which is the capacitor used in the oscillator of the previous chapter. C1 is of type A. Taking 
the process variation into consideration, R1max = 400 ∗ (1 + 15%) = 460kΩ , C1max =
200 ∗ (1 + 25.1%) = 250.2fF, so τmax = 0.115μs.  Therefore, the oscillation should be 
able to stabilize within 10τmax = 1.15μs, which satisfies the requirement.  
 
However, the expense for reducing R1 and C1 is larger variation of VC . From (3.6), it is easy 
to conclude that the AC amplitude of VC  in this design should be about 12.5 times of that in 
[10] for the same oscillation period, when the waveform of VOSC  stays the same. The 
simulation result in Figure 3-7 confirms this. The initial conditions are set as VOSC = Vref , 
VC = 0.5Vdd . The simulation for the final circuit show that the frequency variation is not 
affected by the larger amplitude of VC , which is around 0.1V in this design. 
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Figure 3-7. The settling behavior of 𝐕𝐕𝐂𝐂 for different time constant 

 

3.2.3 Trimming for R and C 
The trimming is also necessary for this oscillator due to the large variation of R and C, which 
are P-type silicide block zero-temperature coefficient resistor and low voltage metal flux 
capacitor, respectively. However, trimming should not be applied to R in this oscillator. As 
mentioned in section 3.1.2, there are several devices that cause the imperfection of (3.1). If 
the trimming scheme for R is applied, as in Figure 2-23 or in Figure 3-8, substantial errors 
may be brought to the circuit. Assuming SW1, SW2 and SW3 are all of high level, 
transmission gates T1, T2 and T3 are connected in serial with R and C when the circuit is 
charged up. The current can be very large at the beginning, so the width-to-length ratio for the 
transistor has to be extremely large in order to keep the drain-to-source voltage low enough, 
which is impractical. And large transistors can bring much parasitic capacitance in this circuit.  

 
Figure 3-8. The scheme for the resistor trimming 
 
As (3.3) suggested, the oscillation frequency is also subjected to the coefficient α for the 
reference voltage apart from R and C in the oscillator with VAF. Assuming x = T/(RC), (3.3) 
can be rewrite as: 
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(1 − 𝛼𝛼)𝑚𝑚 = 1 − 𝑟𝑟−𝑚𝑚    (3.7) 
 
In the nominal model, α = 0.535, which is the optimal ratio to keep the lowest frequency 
sensitivity to Vref  variation [10]. When α = 0.535, x = 1.792, T = 1.792RC and the period 
of the oscillation Tper = 2T = 3.583RC. R1 equals 400kΩ for the integrator, and R should be 
much smaller than R1. In this design R=15kΩ, Tper = 100ns, so C = 1.86pF. A similar 
capacitor trimming scheme as the one in Figure 2-25 is designed in Figure 3-10, with a base 
capacitor Cb= 1.3pF added. As mentioned in 3.2.2, two types of capacitors are used here. 
The base capacitor is of type A. The other capacitors are of type B. The maximum capacitance 
is 2443fF. 47% of the total capacitance is trimmable. The trimming resolution is 9fF/
1.3pF = 0.69%. In Figure 3-9, the switches for the capacitor cell is transmission gate, 
because the voltage VT on the capacitor may vary from zero to near Vdd . Unlike the scheme 
for resistor trimming in Figure 3-8, all the capacitor cells are in parallel here. The current 
flowing through every transmission gate is at most 72fF/1.3pF = 5.5% of the total current.  
 

 
Figure 3-9. The two capacitor cells with capacitor of type B 
 

 
Figure 3-10. The scheme for the capacitor trimming 
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The capacitor of type A may vary by ±25.1% over process variation, the type B can vary 
by  ±42% . In strong model, the maximum total capacitance is 1300(1− 25.1%) +
1143(1− 42%) = 1636fF. R will drop to 15(1 − 15%) = 12.75kΩ. Since Tper = 2T =
3.583RC, the required capacitance for a 10MHz frequency is 2189fF, which will not be 
reached. In weak model, the minimum capacitance is 1300(1 + 25.1%) = 1626fF, and R 
will rise to 15(1 + 15%) = 17.25kΩ. The required capacitance for a 10MHz frequency is 
1618fF, very close yet a little smaller than 1626fF. If only the capacitor trimming is used to 
keep the frequency at 10MHz, the current scheme is not feasible. The total capacitance needs 
to increase by 2189 1636⁄ − 1 = 33.8% as calculated in strong model. The base capacitor 
should become a little smaller as calculated in weak model. 
 
Since the frequency in this oscillator is subject to α apart from R and C. Trimming on α is 
tried out as well. The analysis in [10] shows that the normalized sensitivity (∆T/T) ∆α⁄  is 
smaller than 3.6 when α is within 0.4 and 0.67, not too much increase from the optimal value 
of 3.351. To make use of the relatively flat curves for (∆T/T) ∆α⁄  to α within this range, the 
trimming scheme for the voltage divider in Figure 3-11 is proposed. The possible values for α 
and the ratio γ for the oscillation period Tper  over RC are listed in Table 3-1. 
 

 
Figure 3-11. The trimming scheme on coefficient 𝛂𝛂 for voltage divider 

 

Table 3-1. The trimming values for coefficient 𝛂𝛂 

VT_TRIM<8:7> α γ = Tper /(RC) 

11 0.4286 2.4944 

10 0.5349 3.5832 

01 0.608 4.5848 

00 0.661 5.5280 
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The trimming value for nominal model is 10, where α is of the optimal value and Tper/RC =
3.5832. The oscillation period can be 54% more at VT_TRIM<8:7> = 00, and 30% less at 
VT_TRIM<8:7> = 11, which is sufficient to maintain a 10MHz frequency for any process 
corner when it is combined with the previous capacitor trimming. The maximum variation of 
Tper/RC between two neighboring trimming values is  (3.5832/2.4944) − 1 = 43.6% , 
while the trimmable percentage of the capacitor is 47%. Therefore, the trimming scheme on α 
and capacitor can ensure a continuous frequency band with resolution of 0.69%. 
 
The total number of bits for the trimming of resistor and capacitor is 9. The bits are denoted 
as VT_TRIM<8:0>. VT_TRIM<8:7> determine α. VT_TRIM<6:3> control the number of the 
bigger capacitor cells C1 connected in the circuit. VT_TRIM<2:0> control the number of the 
smaller capacitor cells C0. One simple way to represent the combination of the 9-bit fuses is 
using three hexadecimal digits “XYZ”. For instance, if XYZ = “1C6”, it stands for 
VT_TRIM<8:7>  = 01, VT_TRIM<7:3> = 1100 and VT_TRIM<2:0> = 110. For a fixed 
value of X, coefficients α and γ are fixed, and the ideal frequency of the oscillator can be 
expressed as: 
 

𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑐𝑐𝑖𝑖 =
1
𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟

=
1

𝑘𝑘𝑅𝑅𝐶𝐶
=

1
𝑘𝑘𝑅𝑅(𝑌𝑌 ∗ 𝐶𝐶1 + 𝑍𝑍 ∗ 𝐶𝐶0)

 (𝑀𝑀𝑀𝑀)   (3.8) 

R=15kΩ in this design. 

 

3.3 Simulation and analysis 
Frequency Variation    The schematic of the oscillator with VAF is implemented and 
simulated. The frequency variation for all the process corners is smaller than the counterparts 
in the conventional oscillator, which are listed in Table 2-6. Taking the error of trimming into 
consideration, the worst frequency variation is  ±(0.49 + 0.72/2)% = ±0.85% . The 
resolution of the trimming should be made smaller to increase the accuracy. 
 

Table 3-2. Frequency variation for different views of the oscillator with VAF 

 
Trimming 
value XYZ 

Upper bound 
(MHz) 

Lower bound 
(MHz) 

Variation 
(±%) 

Schematic/nominal 
model 

263 10.073 9.9998 0.36 
264 10.013 9.9382 0.37 

Trimming Resolution ∆f/10MHz (%) 0.60 0.62  
Schematic/weak 

model 
345 10.106 10.008 0.49 
346 10.034 9.9392 0.47 

Trimming Resolution ∆f/10MHz (%) 0.72 0.69  
Schematic/strong 

model 
0A0 10.055 9.9707 0.42 
0A1 10.014 9.928 0.43 

Trimming Resolution ∆f/10MHz (%) 0.41 0.43  
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Jitter    According to the analysis in [10], the voltage averaging feedback in the oscillator 
acts like a high-pass filter for the phase noise generated by the relaxation oscillator without 
VAF in Figure 3-1. It suppresses the low-offset frequency noise. In contrast, it appears to be a 
low-pass filter for the phase noise generated by the integrator. Therefore, the spectrum of the 
phase noise at low-offset frequency is dominated by the op amp of the integrator, which can 
be reduced by increasing the size of the op amp without affecting the oscillation.  
 
To confirm the dominant effect of the op amp of the integrator on the low-offset frequency of 
phase noise, two oscillators which are only different in the size of integrator’s op amp are 
implemented, called oscillator D and oscillator E. The transistors’ length of the integrator’s op 
amp in oscillator E is twice of that in oscillator D. Their phase noise spectrums are plotted in 
Figure 3-12. The oscillation frequency is still 10MHz. The phase noise spectrum of oscillator 
A in the jitter analysis of section 2.27 is plotted here for comparison. The phase noise of 
oscillator D at low-offset frequency is about 9dB lower than conventional oscillator A, which 
is as expected since the low-offset spectrum of phase noise generated by the oscillator without 
VAF is suppressed by the high-pass filter-like VAF when VAF is added. The phase noise of 
oscillator E is about 2.3dB lower than oscillator D due to the larger size of the integrator’s op 
amp. It confirms that the phase noise at low-offset frequency is dominant by the integrator’s 
op amp and can be reduced by increasing the size of op amp. 
 

 
Figure 3-12. The phase noise spectrum of oscillator D, E and A 
 
The jitter performance of oscillator D, E and A is listed in Table 3-3. The RMS period jitter of 
oscillator D is only half less than that of conventional oscillator A. However, the reduction of 
the accumulated jitter is more. The period jitter of oscillator E is higher than oscillator D 
because the high-offset spectrum of phase noise in oscillator E is higher. However, the 
accumulated jitter of oscillator E is lower than oscillator D due to the reduction of low-offset 
phase noise. 
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Table 3-3. The jitter for oscillator D, E and A 

 RMS period jitter 
RMS accumulated 
jitter (10 cycles) 

RMS accumulated 
jitter (100 cycles) 

Offset frequency range <1Hz, 5MHz> <1Hz, 5MHz> <1Hz, 5MHz> 

Oscillator D 98.45ps 698.1ps 6.413ns 

Oscillator E 116.0ps 557.9ps 4.925ns 

Oscillator A 202.4ps 1.714ns 15.88ns 

 

 

3.4 Conclusion 
In this chapter, the oscillator with voltage averaging feedback proposed in [10] is 
implemented in 70nm CMOS technology. Several critical design details are investigated. The 
rail-to-rail op amp with both NMOS and PMOS differential input pair is needed for the 
comparators and the integrator’s op amp, because of the large variation of the threshold 
voltage at the input of the comparators and the integrator’s op amp. The resistor and the 
capacitor for the integrator should be reduced to increase the startup speed of the oscillator. 
Furthermore, the trimming scheme for this oscillator is designed so that the oscillation 
frequency can always be tuned to near 10MHz with the resolution of 0.69%. Simulations are 
run to check the frequency variation over PVT and the jitter performance. The results confirm 
that the frequency accuracy and jitter performance are better than the conventional oscillator 
due to the voltage averaging feedback. The schematic of the final design has a frequency 
within 10MHz ±0.85% over PVT, with the RMS period jitter of 98.45ps. 
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Chapter 4 An Example of Application  
 

This chapter describes a possible application of the oscillator designed in the previous chapter. 
The output of the oscillator can be used as reference frequency to measure a much higher 
clock frequency for digital systems. The clock frequency can be represented by digital bits. 
 

4.1 Structure of the digital circuit 
The idea of measuring the high clock frequency with the 10MHz oscillator designed above is 
as follows: a counter can be used to count how many clock cycles are within a certain number 
of periods of the 10MHz-oscillator. The schematic of the circuit in Figure 4-1 is based on this 
idea. The fast D-flip-flop is used to halve the clock frequency, because the highest test 
frequency is set to be 1.6GHz, which is too high for other gates and devices. Now maximum 
frequency at the output A of the D-flip-flop is 800MHz. When the output B of the NAND2 
gate is high, the halved clock signal at A is enabled and will trigger the 8-bits counter. The 
time slot within which point B stays at high is designed to be two periods of the 
10MHz-oscillator. Therefore, the clock frequency equals the product of 10MHz and the final 
value of the 8-bits counter  

 

 
Figure 4-1. The circuit for measuring the high clock frequency  

 

The oscillator used in this circuit is the conventional oscillator in chapter 2. As mentioned in 
section 2.2.7, the startup time of the conventional oscillator is less than 500ns. In this circuit 
600ns is allocated for the oscillator to stabilize before it drives B to high. A state machine 
including a 3-bits counter is built up. When the circuit is enabled, the oscillator starts to 
oscillate. The rising edge of Q will trigger the 3-bit counter to increase. When the output of 
the 3-bit counter Q2Q1Q0 reaches 101, the output of the gate NAND3ia1 is reversed to low 
and drives B to high. When Q2Q1Q0 changes from 101 to 110, the output of the gate 
NAND3ia2 falls to low and keeps B at high level. The buffer BUF is used to prevent the 
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possible glitch at B when Q2Q1Q0 changes from 101 to 110. When Q2Q1Q0 rises to 111, the 
level of B falls to low and the output of the NAND3 gate rises. The oscillator’s output 
waveform Q is now blocked and the value of the 3-bit counter stays at 111. The 8-bit 
counter’s value is finalized when the level of B falls from high to low. The state of the whole 
circuit will remain unchanged until the enable signal goes low again. 
 

4.2 Simulation 
The layout of the circuit in Figure 4-1 is done. The total area consumed by this circuit is 
80μm × 100μm. The highest clock frequency 1.6GHz is used to test the functionality of the 
circuit. The result is shown in Figure 4-2. The 8-bits counter does not start counting until the 
5th rising edge of Q (The start of the 6th period), and stop counting at the 7th rising edge of Q. 
The final value of the 8-bit counter multiplies 10MHz should be equal to the clock frequency 
in ideal case. However, due to the frequency variation of the oscillator over temperature and 
voltage, error will be brought to the counter’s final value. 

 

 

Figure 4-2. Waveform of the oscillator’s output and the 8-bit counter’s output 

 

Table 4-1. The outputs of 8-bit counter 

Vdd , T The 8-bit counter’s outputs Decimal Clock frequency 
0.95V, −40 C0  10011111 159 1590MHz 
0.95V, 125 C0  10100001 161 1610MHz 
1.3V, −40 C0  10011111 159 1590MHz 
1.3V, 125 C0  10100000 160 1600MHz 
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The layout of the whole circuit in Figure 4-1 is simulated with voltage at 0.95V and 1.3V and 
temperature at −40 C0  and 125 C0 . As listed in Table 4-1, the variation of the measured clock 
frequency is 161/159=1.26%. The measured clock frequency is 1600MHz±10MHz. 
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Chapter 5 Summary & Conclusions 
 

 

This thesis is offered by Texas Instruments, Germany, aimed at designing an on-chip 
oscillator with constant frequency over process, voltage and temperature variation. 
 
RC relaxation oscillator is chosen to be the solution due to its small area and proper frequency 
accuracy. Two relaxation oscillators are implemented in the 70nm CMOS technology for 
comparison. One is the conventional double-grounded-capacitor oscillator, and the other one 
is the oscillator with voltage averaging feedback (VAF), which is a novel concept for 
relaxation oscillator design. The conventional oscillator is implemented step by step. The 
reference generation circuit is simplified with a voltage divider and a voltage-to-current 
converter; the enhanced output-impedance current mirror is chosen to ensure a high accuracy 
and high output impedance; the structure of the op amp and the comparators is chosen for low 
voltage design. Finally, a trimming scheme that is able to compensate a very large process 
variation with a high resolution is designed. After the schematic design of the whole circuit is 
done, the layout is finished as well. The simulation result shows that the designed 
conventional oscillator can achieve a frequency of 10MHz ±1.155% over PVT with a RMS 
period jitter of 149.7ps. 
 
The oscillator with VAF is superior to the conventional oscillator in that the VAF makes the 
oscillation frequency independent of the variation of comparator’s delay, which is the 
dominant contributor of frequency variation in conventional oscillator. Another merit of the 
oscillator with VAF is that the phase noise at low-offset frequency is suppressed by the VAF. 
Therefore, the oscillator with VAF can achieve better frequency accuracy and lower jitter than 
the conventional counterpart. In the actual implementation, the rail-to-rail op amp combining 
the op amps with both NMOS and PMOS input differential pair is adopted; the smaller 
resistor and capacitor for the integrator is chosen for a faster startup time; the similar 
trimming scheme to the conventional oscillator is applied on the capacitor and the reference 
coefficient. The simulation result confirms that oscillator with VAF has better performance on 
both frequency accuracy and jitter, which is 10MHz ±0.85% over PVT, with the RMS 
period jitter of 98.45ps. 
 
Finally, an example of possible application with the constant-frequency oscillator is 
demonstrated, which is to measure the frequency of a much higher clock signal. The clock 
frequency can be expressed by the product of the 8-bit counter’s final value and 10MHz. The 
accuracy of the measurement is dependent on the accuracy of the oscillator over PVT 
variation. 
  



Chapter 5  Summary & Conclusions 
 

 
56 

 

 



 

 
57 

List of Figures 
 

 

Figure 2-1. Architecture of the conventional double-grounded-capacitor oscillator ......... 4 
Figure 2-2. Waveform of the signals in the oscillator ...................................................... 5 
Figure 2-3. The waveform of the oscillator in actual implementation .............................. 6 
Figure 2-4. Simplified schematic of voltage-to-current converter using resistor .............. 8 
Figure 2-5. The circuit for checking the stability of the feedback loop ............................ 9 
Figure 2-6. Bode plots of the loop gain........................................................................... 9 
Figure 2-7. Two-stage op amp with a PMOS differential input pair ............................... 10 
Figure 2-8. Positive feedback amplifier (PFA) .............................................................. 11 
Figure 2-9. Simplified small signal model for the positive feedback amplifier .............. 11 
Figure 2-10. The differential pair with active current mirror ......................................... 13 
Figure 2-11. Bode plots of the gain for amplifiers at different corners ........................... 14 
Figure 2-12. The enhanced output-impedance current mirror ........................................ 15 
Figure 2-13. The two-stage op amp with a NMOS input pair ........................................ 16 
Figure 2-14. The circuit for checking stability of the feedback ...................................... 17 
Figure 2-15. Bode plots of the closed loop gain ............................................................ 18 
Figure 2-16. The classic cascode current mirror ............................................................ 19 
Figure 2-17. Circuits for simulating the accuracy of the current mirrors ........................ 20 
Figure 2-18. The charge and discharge circuit .............................................................. 21 
Figure 2-19. Check the bandwidth of the comparator.................................................... 22 
Figure 2-20. The bandwidth of two comparators........................................................... 22 
Figure 2-21. The logic circuit with D-flip-flop.............................................................. 24 
Figure 2-22. The logic circuit with RS-flip-flop ............................................................ 24 
Figure 2-23. The scheme for the resistor trimming ....................................................... 26 
Figure 2-24. Two kinds of capacitor cells for capacitor triming ..................................... 27 
Figure 2-25. The scheme for capacitor trimming .......................................................... 27 
Figure 2-26. The layout for metal-to-metal capacitor with and without flux layer ......... 29 
Figure 2-27. Frequency variation for trimming values from 5DF to 5C0 ....................... 30 
Figure 2-28. The noise sources contributing the jitter in the oscillator ........................... 31 
Figure 2-29. The integrated output noise from 10kHz to 5MHz for oscillator A ............ 33 
Figure 2-30. The phase noise spectrum for oscillator A, B and C .................................. 34 
Figure 3-1. The Oscillator with VAF (Redrawn from [10]) ........................................... 38 
Figure 3-2. Modeling of oscillation (Redrawn from [10]) ............................................. 38 
Figure 3-3. Rail-to-rail op amp ..................................................................................... 41 
Figure 3-4. The gain performance of the rail-to-rail op amp for different VCM  ............ 41 
Figure 3-5. The integrator in the VAF ........................................................................... 42 
Figure 3-6. The bode plots for the op amp and integrator .............................................. 42 
Figure 3-7. The settling behavior of VC for different time constant ............................... 44 
Figure 3-8. The scheme for the resistor trimming ......................................................... 44 
Figure 3-9. The two capacitor cells with capacitor of type B ......................................... 45 
Figure 3-10. The scheme for the capacitor trimming ..................................................... 45 



 

 
58 

Figure 3-11. The trimming scheme on coefficient α for voltage divider ........................ 46 
Figure 3-12. The phase noise spectrum of oscillator D, E and A ................................... 48 
Figure 4-1. The circuit for measuring the clock frequency ............................................ 51 
Figure 4-2. Waveform of the oscillator’s output and the 8-bit counter’s output .............. 52 

 
 



 

 
59 

List of Tables 
 

 

Table 2-1. The accuracy of the enhanced output-impedance current mirror over PVT ... 20 
Table 2-2. The accuracy of the classic cascode current mirror over PVT ....................... 21 
Table 2-3. The simulation result of the oscillator with different comparators ................. 23 
Table 2-4. Measurement of the simulation of the oscillator with different comparators . 23 
Table 2-5. Information for the resistor R and capacitor C .............................................. 25 
Table 2-6. Frequency variation for different views of the oscillator ............................... 30 
Table 2-7. The parameters for the jitter simulation ........................................................ 33 
Table 2-8. The integrated output noise from 10kHz to 5MHz for oscillator A, B and C . 34 
Table 2-9. The jitter for oscillator A, B and C ............................................................... 35 
Table 3-1. The trimming values for coefficient α ......................................................... 46 
Table 3-2. Frequency variation for different views of the oscillator with VAF ............... 47 
Table 3-3. The jitter for oscillator D, E and A ............................................................... 49 
Table 4-1. The outputs of 8-bit counter ......................................................................... 52 

 

  



 

 
60 

 



 

 
61 

References 
 
 
[1] B. Fotouhi, “All-MOS voltage-to-current converter,” IEEE J.Solid-State Circuits, vol. 36, 

no. 1, pp. 147-151, Jan. 2001. 
[2] D. Johns and K. Martin, “Advanced Current Mirrors and Opamps”, 

http://ee.sharif.edu/~elec3/06_advanced_Opamps.pdf, Accessed Aug. 10, 2012. 
[3] B. Razavi, “Design of Analog CMOS Integrated Circuits,” McGraw-Hill, 2005. 
[4] M. M. Amourah and R. L. Geiger, “A high gain strategy with positive-feedback gain 

enhancement technique,” in Proc. IEEE Int. Symp. Circuits and Systems (ISCAS), vol. 1, 
pp. 631-634, May. 2001. 

[5] H. Sarbishaei, T. Kahookar, E. Z. Tabasy and R. Lotfi, “A high-gain high-speed 
low-power class-AB operational amplifier,” in Proc. IEEE Midwest Symp. Circuits and 
Systems (MWSCAS), vol. 1, pp. 271-274, Aug. 2005. 

[6] S. L. J. Gierkink, “Control linearity and jitter of relaxation oscillatos,” Ph.D. dissertation, 
Univ. of Twente, Enschede, The Netherlands, 1999. 

[7] M. P. Flynn, S. U. Lidholm, “A 1.2-um CMOS current-controlled oscillator,” IEEE 
J.Solid-State Circuits, vol. 27, no. 7, pp. 982-987, Jan. 1992. 

[8] A. A. Abidi and R. G. Meyer, “Noise in relaxation oscillators,” IEEE J.Solid-State 
Circuits, vol. SC-18, no. 1, pp. 794-802, Dec. 1983. 

[9] S. L. J. Gierkink and E. van Tuijl, “A coupled sawtooth oscillator combining low jitter 
with high control linearity,” IEEE J.Solid-State Circuits, vol. 37, no. 6, pp. 702-710, Jun. 
2002. 

[10] Y.Tokunaga, S. Sakiyama, A. Matsumoto and S. Dosho, “An on-chip CMOS relaxation 
oscillator with voltage averaging feedback,” IEEE J.Solid-State Circuits, vol. 45, no. 6, 
pp. 1150-1158, Jun. 2010. 

[11] Y. Tokunaga, S. Sakiyama, A. Matsumoto and S. Dosho, “An on-chip CMOS oscillator 
with power averaging feedback using a reference proportional to supply voltage”, in 
IEEE ISSCC Dig. Tech. Papers, pp. 404-406 Feb. 2009.  

[12] K. Kundert, “Predicting the phase noise and jitter of PLL-based frequency synthesizers”, 
http://www.designers-guide.org/analysis/PLLnoise+jitter.pdf, Accessed Aug. 10, 2012. 
 
 

  

http://ee.sharif.edu/~elec3/06_advanced_opamps.pdf
http://www.designers-guide.org/analysis/PLLnoise+jitter.pdf


 

 
62 

 
 
 
 
 
 
 
 









ICT-EX-2012: 193

www.kth.se

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org

	COVER1
	thesis_report_Sep_7
	Acknowledgements
	Introduction
	Conventional Double-grounded-capacitor Oscillator
	Architecture and operation principle
	2.1.1 The ideal case
	2.1.2 Analysis for nonlinearity

	Specific implementation
	2.2.1 Reference voltage and reference current generation circuit
	2.2.2 Operational amplifier (Op amp)
	/
	/
	2.2.3 Current mirror
	2.2.4 The charge and discharge circuit
	2.2.5 Logic circuit
	2.2.6 Trimming for R and C

	Simulation and analysis
	Conclusion

	Relaxation Oscillator with Voltage Averaging Feedback
	Architecture and operation principle
	3.1.1 Voltage averaging feedback (VAF) concept
	3.1.2 Sources for frequency variation

	Specific implementation
	3.2.1 Op amp and comparator
	3.2.2 Integrator
	3.2.3 Trimming for R and C

	Simulation and analysis
	Conclusion

	An Example of Application
	Structure of the digital circuit
	Simulation

	Summary & Conclusions
	List of Figures
	List of Tables
	References

	组合 1 2
	空白页面
	空白页面
	空白页面
	空白页面

