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Problem.1  
Design a voltage reference in 0.5� m CMOS technology based on weighted gate-source 
voltage difference between an NMOS and a PMOS [1]. Provide tables summarizing results 
and significant plots. The specifications are as follows. 

Table 1: Specification of the voltage reference 
Voltage Supply   1.5V 
Power Consumption   15uW 
Temperature Coefficient   < 30ppm/^C 
PSRR at 100Hz > 50dB 
  at 10MHz > 25dB 

 
Introduction 
 
The reference voltage circuit to be designed is shown in the next figure. It is very interesting 
to note that this circuit actually doesn’t rely on any bipolar transistors, not even the parasitic 
PNP in CMOS processes. It is well know that a normal bipolar NPN transistor is not 
available in standard CMOS process, and parasitic PNP has only a b factor less than 10. To 
avoid all these non-idealities, the voltage reference circuit to be designed is based on the 
temperature property of the VGS of NMOS and PMOS.  
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Figure 1: Voltage reference circuit 

 
In the above circuit, the output reference voltage can be expressed as,  
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According to the reference paper by Leung et al, the MOS transistor threshold voltages can 
be expressed as the following,  

)()()( 00 TTTVTV vthnthnthn --= b  
)()()( 00 TTTVTV vthpthpthp --= b
 

Where bvthn and bvthp are the temperature coefficient of the NMOS and PMOS threshold 
voltage respectively.  
The mobility of the electrons and holes can be expressed as the following,  
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Where bun and bup are the temperature coefficients of the electrons and holes’ mobility 
respectively.  
 
Design Procedures: 
The model file of the 0.5um CMOS is investigated to find the threshold voltage temperature 
coefficient and the mobility temperature coefficient.  
 
The following temperature coefficients are given in BSIM 3V3.2.2 manual appendix A.6.  

Table 2: Temperature coefficient parameters from BSIM manual 

Symbols Used 
in Equation 

Symbols used 
in SPICE Description Default  Unit Note 

ute ute 
Mobility temperature 
exponent -1.5 none   

Kt1 kt1 

Temperature 
coefficient for 
threshold voltage  -0.11 V   

 
 
And the following two equations are given in BSIM 3V3.2.2 manual Appendix B1.11.  
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For threshold voltage, ignore this term: 
bseffT

eff

lt Vk
L
k

2
1 +

 since we are not concern about the 
channel length effect and body bias effect of the temperature coefficient. The equation for 
threshold voltage can be simplified as, 
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Compare the equation used in the paper, which is repeated here for clarity, 
)()()( 00 TTTVTV vthnthnthn --= b  
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It can be derived that 
0

1

T
kT

vthn -=b  

Compare the mobility equation given by the BSIM manual and the equation used in the 
paper ,  

ute

norm
norm T

T
TuTu ))(()( 00 =   -- given by BSIM manual 

un
nn T

T
TuTu b-= ))(()(

0
0  -- used in the reference paper. 

utenun -=b , and utepup -=b  

 
A check on the model file reveals that kt1n = kt1p = -0.11 and uten = utep = -1.5. These 
equality makes the design of the resistor value ratio R1/R2 impossible since 

01
2

1 =-=
Vthn

Vthp

R
R

b

b
. In order to properly design the voltage reference circuit, the 

temperature coefficients in the model file are modified to yield the same b factors used in 
the reference paper.  

CmVvthn deg/4.1=b => 42.01 -=nkt  

CmVvthp deg/9.1=b => 57.01 -=pkt  

9.1=unb => uten = -1.9 

4.1=upb => utep = -1.4 

 
In addition, the mobility parameters of electrons and holes can be found from Model file: 

9.450)( 0 =Tun cm2/Vs 

4.201)( 0 =Tup  cm2/Vs 

 
The W/L ratio of the MOS transistors MP and MN are calculated next, according to the 
equation given in the reference paper, which is repeated here for clarity. 
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Design 
u
u

L
W

MN 6.0
50

)( = , then 
u
u

L
W

MP 6.0
8.43

)( =  

 
The resistor values of R1 and R2 can be calculated as follows.  
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Choose a reasonable value of R2=125 kohm, then R1=44.6 kohm 
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Note that channel length larger than minimum channel length is chosen for most of the 
current mirrors, which is for better matching. 
 
For the start up circuit portion formed by MS1, MS2 and MS3, MS1 is to form a current 
mirror of M2, thus design 

u
u
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Design MS2 to be weak to ensure that MS3 is cutoff under normal operation: 

u
u

L
W

MS 20
1
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And since MS3 is only a switch,  

Design MS3to be 
u
u

L
W

MS 2
1

)( 3 =  

The final designed component values are summarized in the following table.  
 

Table 3: Final designed component value for voltage reference circuit 

    M1 M2 M3 M4 M5 MN MP MS1 MS2 MS3   R1 R2 RB 
W um 16 4 40 40 14 50 43.8 4 1 1 kOhm 125 44.6 100 
L um 1.2 1.2 2 2 1.2 0.6 0.6 1.2 20 2         

 
The designed values are verified by simulation, and minor tweaks to the component 
parameters are applied in order to achieve better simulation results. The following table 
shows the final component values used in the voltage reference design.  

 
Table 4: Final component value for voltage reference circuit 

    M1 M2 M3 M4 M5 MN MP MS1 MS2 MS3   R1 R2 RB 
W um 16 4 40 40 14 50 52.5 4 1 1 kOhm 125 72 100 
L um 1.2 1.2 2 2 1.2 0.6 0.6 1.2 20 2         
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Simulation Results 
 
Temperature Coefficient 
 
With the final tuned component values, the following output voltage versus temperature 
curve is obtained. The temperature coefficient of the output voltage can be calculated as 
follows.  
 

 
Figure 2: Output voltage versus temperature 

 
TempCo = 751uV/100oC/272mV = 27.6ppm. 
 
Power Supply Rejection 
 
An AC input is applied at the supply rail, and the output voltage is observed. The PSR at 
low frequency, for example, 100Hz is 29.2dB and at high frequency (10MHz) is 11.5dB. 
This not to specification PSR is mainly due to the very high threshold voltage of the 
PMOS transistor. With a 1.5V supply voltage, and 0.9V threshold voltage for the PMOS, 
M5 can be easily pushed into triode region by MP. Thus M5 can’t be designed with large 
enough Vds for better power supply rejection.  
 
The simulation results are summarized in next table, together with the specifications.  
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Figure 3: PSR plot of the voltage reference circuit 

 
Table 5: Simulation results versus specifications 

      Specification Sim Results 
Voltage Supply Unit   1.5 1.5 
Power Consumption V   15 12.25 
Temperature Coefficient uW   < 30 27.6 
PSRR dB at 100Hz > 50 29.2 
  dB at 10MHz > 25 11.5 

 
As explained above, the lower than specification PSR is mainly due to the high threshold 
voltage of the PMOS transistors.  
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Problem 2. Line Driver Design Problem 
 
A data application requires a line driver with the following specification.  

Parameter  Value  

Load  8ohms || 2pF  

Supply voltage  +/-1.65V  

Voltage swing  2.2Vpp  

SNR (100KHz-1.2MHz)  >85dB  

HD3 (2.2Vpp 1MHz tone)  <-76dB  

Standby power dissipation  <100mW  

 
The driver is intended to be used in an inverting configuration with Gain = -1.  
 
a) Compute the resistor values assuming 50% noise contribution from the input and feedback 
resistors and 50% noise contribution from the amplifier.  
b) Design the line driver using the 3-stage Class-AB amplifier architecture shown in the 
lecture notes (refer to 16_ Headset driver example). Use TSMC0.35um technology and 
follow the design procedure outlined in the notes.  
c) All parameters must be simulated at 60C temperature. Ensure that Phase Margin is above 
45o under quiescent condition.  
 
The inverting configuration of the line driver with Gain = -1 is shown in Figure 4. The 
schematic of the line driver is shown in Figure 5. 
 

                    

-
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                                Figure 4 The inverting configuration of the line driver, R1=R2           
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                                  Figure 5 Schematic of the line driver 
 
Design Procedure: 
 
1. Standby power dissipation < 100mW 
Total current we can use is 30mA. 
 
2. Input signal = 2.2Vpp, frequency = 1MHz 
The maximum rate of the voltage change of the input signal is around 7V/us. We design 
our slew to be 20V/us. 

                                                usV
C
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m

tail /20
1

=  

Choose Cm1=Cm21=Cm22==2pF, Itail=40uA 
The biasing current of M9 and M10 is chosen to be 1.5 times of Itail, such that even if the 
diff pair slews, the upper part of the cascode stage still has a biasing current of half the 
Itail to work in the proper region. 
 
3. Stability 
We design the GBW of our amplifier to be 15MHz to ensure enough gain at 1MHz. Thus 
we have 

                                  MHz
C

g
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m

m 152
1

1 ´== p =>gm1=188us 

We don’t need to worry about the pole at the output since the loading resistor is only 8 
ohm. Even if we assume the loading capacitance is 10pF, this pole still locates at around 
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2 GHz, which is far higher than our GBW. Thus, to have a phase margin better than 60 
degree, we only have to design 

                                                  GBW
C

g

m

m 2
2

11 >  

 
=>gm11>377us 

 
4. SNR (100KHz – 1.2MHz) > 85dB 
The equivalent circuit is shown in Figure 6. Vn3 is the input referred noise of the 
amplifier. Others are resistor noise sources. 
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                                                 Figure 6 Equivalent circuit for noise analysis 
 
The input referred noise is given as 
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The resistors contribute half of the noise. A rough calculation gives us the value of R1 
and R2 in the order of tens of kilo ohm. In such case, the noise contribution of RL can be 
ignored since RL is only 8 ohm. 
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The amplifier contributes half of the noise, thus 
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  Where gm1=gm2, gm3=gm4, gm9=gm10) 
 
As the biasing current of gm3 and gm9 are two and three times of the biasing current of 
gm1, respectively. Thus here we roughly choose gm9=gm3=2gm1. Then we have 
                               

1

3
2 40

m

n
g
KT

V = =>gm1>756us 

 
5. Output Swing 2.2Vpp 
Either transistor of the class AB output stage has to be able to provide the following 
current to have required output swing.  
For NMOS, 

                                      mA
ohm

V
I req 5.137

8
1.1

==               

        reqTHGSox IVV
L
W

CI >-= 2)(
2
1

m                    

                                 (Vgs=1.65V for the extreme case) 
 
= > W/L=1600, for L=0.4um, W=640um 
For PMOS, gm17 is chosen to be the same as gm18 to have the same current ability. So 
choose W=2000um to compensation the mobility difference. 
 
6. Biasing circuits 
Figure 7 shows the circuits which generates the biasing voltages. For convenience, 
instead of a single current source and some current mirrors, many current sources are 
used here. 
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                                                          Figure 7 Biasing voltage generating circuits 
 
Circuit Tuning 
 
Firstly, the output of the first stage has to be able to follow the input signal. As the 
voltage change rate of the output of the first stage is determined by the charging and 
discharging current ability and the lumped capacitance. In first order approximation, it 
can be given as gm1/Cm1, which is also the expression of the GBW. In the design 
procedure, we chose GBW 15 times of input signal. However, in the simulation, we 
found 15 times is not enough. We made it to around 50 times finally. 
Secondly, as the GWB is extended to 80MHz, a lot of current has to be dumped into the 
second stage to enlarge the gm11 to gain enough phase margin. 
Moreover, the output swing should be made a little larger than the signal swing to ensure 
the HD3 performance is not limited by the output stage. Thus, the transistors of the class 
AB amplifier have been made larger than design. 
Finally, in order to improve linearity, the gmoverid of the differential pair is made to be 
small to have a large Vdsat. 
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The final dimensions of transistors are shown in Table 6.  
 
                                                          Table 6 Dimensions of transistors 

M1 M2 M3 M4 M5 M6
W 40u 40u 400u 400u 400u 400u
L 0.4u 0.4u 0.4u 0.4u 0.4u 0.4u

M7 M8 M9 M10 M11 M12
W 100u 100u 100u 100u 800u 640u
L 0.4u 0.4u 1u 1u 0.4u 0.4u

M13 M14 M15 M16 M17 M18
W 1000u 960u 320u 640u 3600u 1200u
L 1u 0.4u 0.4u 0.4u 0.4u 0.4u  

(Cm1=3pF, Cm21=1pF, Cm22=1pF, R1=R2=1K ohm) 

 
Performance: 
1. AC Response:  
 
(i) GBW and Phase Margin:  
 
The 3-stage driver’s magnitude and phase response are shown in the figure below. The 
GBW and phase margin are 53.122MHz and 53.52 degrees respectively. The phase 
margin meets the specification nicely. 
 

Figure 8 GBW=53.122MHz and Phase Margin=53.52� 
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(ii) DC Gain:  
 
The DC gain of the 3-stage line driver can be read out from the following plot, DC gain = 
59.623dB.  

 
                                                        Figure 9 DC Gain = 59.623dB 
 
2. Standby Power Dissipation:  
 
The standby power is one of the most important parameter to be considered when 
designing any line driver op-amp. In this design exercise, the specification is less than 
100mW for the standby power, the designed line driver consumes 733.2mW power, 
which well meets the specification. 
 

         
 

                         Figure 10 The Total Standby Power Dissipation is 73.2mW<100mW 
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3. HD3:  
 
The transient sine wave output signal and the harmonics distortion plots are shown next. 
About -82.9dB HD3 is achieved by this line driver, as marker A shows in the harmonics 
distortion plot. 
 

 

 
                                              Figure 11 HD3 of Our Design is -82.9091dB<-76dB 
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4. Voltage Swing:  
 
The output voltage swing is next checked to ensure at least 2.2V swing, to avoid any 
obvious distortion by the output stage. It is obvious that the output swing is 2.68V in this 
figure, which is higher than 2.2V swing requirement.  
 

 
                                                      Figure 12  Output Swing of Our Design is 2.68V 
 
 
5. SNR:  
 
The noise performance of the line driver is observed and Signal to Noise Ratio (SNR) is 
calculated, including the noise contribution from the two feedback network resistors.  
 

 
 

                       Figure 13 Integrated Input Noise from 0.1MHz to 1.2MHz is roughly 201.486pV2/Hz 
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Therefore, the SNR of our amplifier is:  

dBSNR 78.94
1001486.2
2/1.1

log10
10

2

=
´

=
-

 

 
Summary 
 
This line driver 3-stage amplifier design provided us an excellent learning opportunity to 
practice the knowledge we have learnt in class. There are few very important 
specifications we always need to meet, the first one is the standby power consumption, 
which is directly related to power efficiency. Another one is the harmonics distortion, in 
this case, is the HD3, because some of the transmission systems require very good 
linearity in order to achieve a good communication system.  
 
The 3-stage line driver amplifier designed meets all the specifications given. The results 
are summarized in the following table.  

 
                                   Table 7 Performance summary 

                              

Actual Required
Power Supply 3.3V 3.3V

Load 8 ohm//2pF 8 ohm//2pF
GBW 53.1MHz

DC Gain 59.6dB
Phase Margin 53.5

HD3  -82.9dB <-76dB
Power Consumption 73.2mW <100mW

SNR 94.8dB >85dB
Temperature 60 60
Output Swing 2.68V 2.2V
Input Signal 2.2Vpp 1MHz 2.2Vpp 1MHz                                           
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Problem 3:  
Show that circuit (A) can be modeled as shown in circuit (B). Discuss the approximations 
needed for this approximation and the value of � . Write the exact transfer function of (A) and 
(B). 

 
Figure 14: Original Topology 

 
Figure 15: Modified Topology 

Suppose -+ -= iid VVV :  
 
From Figure 14, we have the KCL equation at node X:  

0)( =+++ p
o

c
o

omd SC
A

V
SC

A
V

VgV , 

Since pc CC >> , we can simplify the expression:  
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Similarly, for the modified topology, we have the KCL equation at node X:  
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Therefore, we have the transfer function for modified topology:  

c
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Hence, if 1=b , we will have )()( 21 SHSH = , which means that when 1=b , our original 
topology in Figure 14 can be modeled by the modified topology in Figure 15.  
 
Now we can verify the feedback factor in topology 1 to ensure  1=b .  

CpCc
Cc
+

=b with Cc >> Cp, b is indeed approximately equal to 1.  

 
 
 


