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Problem.1
Design a voltage reference in 08 CMOS technology based on weighted gate-source
voltage difference between an NMOS and a PMOSRHI(gvide tables summarizing results
and significant plots. The specifications are d®s.

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 isvshim the next figure. It is very interesting
to note that this circuit actually doesn’t rely any bipolar transistors, not even the parasitic
PNP in CMOS processes. It is well know that a nérbyipolar NPN transistor is not
available in standard CMOS process, and paragiié Ras only @& factor less than 10. To
avoid all these non-idealities, the voltage refeeenircuit 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 voltege be expressed as,

VREF = 1+% VGSN - |VGSP|



According to the reference paper by Leung et &,MOS transistor threshold voltages can
be expressed as the following,

thn (T) thn (T ) vthn(T - To)
thp (T) thp (T ) vthp(T - TO)

Wherebvthn andbvthp are the temperature coefficient of the NMO#8 &VIOS threshold
voltage respectively.
The mobility of the electrons and holes can be esged as the following,

u,(T) =u, (To)(Tl)' B

0

T..
U, (T) = U, (To) () P

0
Wherebun andbup are the temperature coefficients of the elestrand holes’ mobility
respectively.

Design Procedures:
The model file of the 0.5um CMOS is investigatedimal the threshold voltage temperature
coefficient and the mobility temperature coeffidien

The following temperature coefficients are giverBfalM 3V3.2.2 manual appendix A.6.
Table 2: Temperature coefficient parameters from B8V manual

Symbols Used Symbols used
in Equation in SPICE Description Default Unit Note
Mobility temperature
ute ute exponent -1.5 none
Temperature
coefficient for
Ktl ktl threshold voltage -0.11 V

And the following two equations are given in BSIM32.2 manual Appendix B1.11.
Vo (1) =Vi (01 + (, +2+ Ke Np ) — -

eff norm

U (T) = Up(T, orm)(—)”te

norm

ktll +k V

bseff

For threshold voltage, ignore this termef since we are not concern about the
channel length effect and body bias effect of #grapgerature coefficient. The equation for
threshold voltage can be simplified as,

Vi (T) =V, (norm) + (ke ) (= — - )

Compare the equation used in the paper, whictpsated here for clarity,
thn (T) thn (T ) vthn(T - TO)



It can be derived thab,,,, = - %
0

Compare the mobility equation given by the BSIM mmnand the equation used in the
Uy(T) = uO(Tnorm)(L)Ute -- given by BSIM manual

norm

u,(T) = un(TO)(_l_l)"’un -- used in the reference paper.
0

b,, = -uten, and b,, = - utep

A check on the model file reveals that ktln = ki1g.11 and uten = utep = -1.5. These
equality makes the design of the resistor valudo r&1/R2 impossible since

ﬁ:%-120. In order to properly design the voltage referermecuit, the

RZ thhn

temperature coefficients in the model file are niedito yield the samb factors used in

the reference paper.
b, =14mV/degC =>ktln = - 042

vthn

by, = 19MV /degC =>ktlp = - 057
b,, =19=>uten =-1.9

b, =14=>utep=-1.4

In addition, the mobility parameters of electrond &oles can be found from Model file:
u,(T,) = 4509¢cn¥/Vs
u,(T,) = 2014 cnf/Vs

The WIL ratio of the MOS transistors MP and MN a&dculated next, according to the
equation given in the reference paper, which igaégd here for clarity.

bup- bun

A mTo) T, 4509 ,

L P - ,T{)(TO) TO — 2014 =0.875

w 2 2 19.,.1 19 '
(T)n Dup 1 + D (ﬂ)Z(E "‘m)z

bvthn 2 2bup . .
. W 50u W 43.8u

Design (— =——, then(—),,, =

The resistor values ofiRnd R can be calculated as follows.

b
R - Pww g2 0357
RZ thhn

Choose a reasonable value of R2=125 kohm, then Ré+bhm



. W W
Design (T)Ml = 4(T)M 2

W
Design(--),,, =
L
Design R; =100kohm

| = [Vesz| - NGSl|
g = —

16u
1.2u

. W w
Design (ws = (P =

Note that channel length larger than minimum chhtergth is chosen for most of the

w
and (-)wz =

40
2u

4u

1.2u

current mirrors, which is for better matching.

For the start up circuit portion formed by MS1, M&& MS3, MS1 is to form a current

mirror of M2, thus design

Wy _
(T) MSL T

Design MS2 to be weak to ensure that MS3 is cutoffer normal operation:
Wy, =
L MS2

And since MS3 is only a switch,

Design MS3to be{%)w,s3 -

4u

1.2u

1u

2C0u

The final designed component values are summainizgte following table.

Table 3: Final designed com

onent value for voltageference circuit

M1 | M2 | M3 | M4 | M5]|MN| MP |MS1|MS2| MS3 RlL | R2 | RB
W |um | 16 | 4 | 40 | 40 | 14 | 50 [ 438 | 4 1 1 | kOhm | 125 | 44.6 | 100
L Jum |12 |12 ] 2 2 |12]06] 06 | 12 | 20 2
The designed values are verified by simulation, amdor tweaks to the component
parameters are applied in order to achieve beitaulation results. The following table
shows the final component values used in the veltaference design.
Table 4: Final component value for voltage referere circuit
M1 | M2 | M3| M4 | M5]|MN| MP | MS1 | MS2 | MS3 Rl | R2 | RB
W | um| 16 | 4 | 40 | 40 | 14 | 50 [ 525 | 4 1 1 | kOhm | 125 | 72| 100
L Jum |12 |12 ] 2 2 |12]06] 06| 12| 20 2




Simulation Results
Temperature Coefficient
With the final tuned component values, the follogvioutput voltage versus temperature
curve is obtained. The temperature coefficienthef dutput voltage can be calculated as
follows.
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Figure 2: Output voltage versus temperature

TempCo = 751uV/10/272mV = 27.6ppm.
Power Supply Rejection

An AC input is applied at the supply rail, and theput voltage is observed. The PSR at
low frequency, for example, 100Hz is 29.2dB antigh frequency (10MHz) is 11.5dB.
This not to specification PSR is mainly due to tleey high threshold voltage of the
PMOS transistor. With a 1.5V supply voltage, ar@M0threshold voltage for the PMOS,
M5 can be easily pushed into triode region by MRusSTM5 can’t be designed with large
enough Vds for better power supply rejection.

The simulation results are summarized in next tdbgether 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 specificatioRESmainly due to the high threshold
voltage of the PMOS transistors.



Problem 2. Line Driver Design Problem

A data application requires a line driver with fbBowing 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 <100mwW

The driver is intended to be used in an invertiogfiguration with Gain = -1.

a) Compute the resistor values assuming 50% noisgiloution from the input and feedback
resistors and 50% noise contribution from the afepli

b) Design the line driver using the 3-stage ClaBsdmplifier architecture shown in the

lecture notes (refer to 16_ Headset driver examplse TSMCO0.35um technology and

follow the design procedure outlined in the notes.

c) All parameters must be simulated at 60C temperakmsure that Phase Margin is above
4% under quiescent condition.

The inverting configuration of the line driver witBain = -1 is shown irfigure 4. The
schematic of the line driver is shownHigure 5.

R2

VWV

R1

Vin + % —L_ cL=2pF

RL=8ohm

Figure 4 The invéng 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 igmyrtal is around 7V/us. We design
our slew to be 20V/us.

It—"j“':Z()\//us
C

ml
Choose Cm1=Cm21=Cm22==2pF, Itail=40uA
The biasing current of M9 and M10 is chosen to Betiines of Itail, such that even if the
diff pair slews, the upper part of the cascodeeststdl 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 tsere enough gain at 1IMHz. Thus
we have

GBW = g—"‘l =2p° 15MHz=>gm1=188us
ml
We don’t need to worry about the pole at the ougnte the loading resistor is only 8
ohm. Even if we assume the loading capacitanc@p$ 1this pole still locates at around



2 GHz, which is far higher than our GBW. Thus, avé a phase margin better than 60
degree, we only have to design

Imi1 5 >GBW
C

m2

=>gm11>377us

4. SNR (100KHz — 1.2MHz) > 85dB
The equivalent circuit is shown in Figure 6. Vn3tie input referred noise of the
amplifier. Others are resistor noise sources.

Vn2
R2

(7
VW' ¥

Vn3
T

- - RL:8ohm§ —— CL=2pF

Vnl
R1

gbire 6 Equivalent circuit for noise analysis

The input referred noise is given as

VZinequa = (Vo +V," +4V %5 b Vi )" Df = (8KTR + IR ~+4V %) Df
1+ 1+
Input signal power is 2
h 2
V Zin,signal = 22 :V;"p =0.605/2
V 2in signal

SNR(100KHz 1.2MHz) = >85dB=>V inequa < 191" 10°°V?

2
in,equal

The resistors contribute half of the noise. A rouglculation gives us the value of R1
and R2 in the order of tens of kilo ohm. In sucke;ahe noise contribution of RL can be
ignored since RL is only 8 ohm.



8KTR ~ Df =%v2m,equa| < 957" 10'°V? =>R, >26KW

The amplifier contributes half of the noise, thus
a2 Df :%vzm,equa. <957 10°V? =>V?;3 < 22" 10'°V?/Hz
The input referred noise is
gml + gm2 + gm3 + gm4 + ng + gmlO
9%m

Where gml=gm2, gm3=gm4, gm9=gm10)

V23 =4KT

As the biasing current of gm3 and gm9 are two dmneet times of the biasing current of
gm1, respectively. Thus here we roughly choose gmm3=2gm1. Then we have

_AOKT

O

Vs =>gm1>756us

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

11V

| =
9 8ohmr
1

W
I =§nCOXT(VGS _VTH)Z > Ireq

=137.5mA

(Vgs=1.65V for thetreme case)

=> W/L=1600, for L=0.4um, W=640um
For PMOS, gm17 is chosen to be the same as gmiA&vim the same current ability. So
choose W=2000um to compensation the mobility diifiee.

6. Biasing circulits

Figure 7 shows the circuits which generates thesitgavoltages. For convenience,
instead of a single current source and some cumambrs, 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 béeab follow the input signal. As the
voltage change rate of the output of the first stegdetermined by the charging and
discharging current ability and the lumped capacia In first order approximation, it
can be given as gm1/Cml, which is also the exmessf the GBW. In the design
procedure, we chose GBW 15 times of input signalweler, in the simulation, we
found 15 times is not enough. We made it to ardehtmes finally.

Secondly, as the GWB is extended to 80MHz, a latusfent has to be dumped into the
second stage to enlarge the gm11 to gain enougiephargin.

Moreover, the output swing should be made a listiger than the signal swing to ensure
the HD3 performance is not limited by the outpaigst Thus, the transistors of the class
AB amplifier have been made larger than design.

Finally, in order to improve linearity, the gmowiof the differential pair is made to be
small to have a large Vdsat.



The final dimensions of transistors are shown ihlé®.

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 1lu 1lu 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 resparsshawn in the figure below. The
GBW and phase margin are 53.122MHz and 53.52 degrespectively. The phase

margin meets the specification nicely.

Lab2@FE kwld_qZamp_sim scheratic @ Feb 17 15:25:14 2808
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(i) DC Gain:

The DC gain of the 3-stage line driver can be @atdrom the following plot, DC gain =
59.623dB.

Lab2@@8 hwbdd_qZamp_sim schematic : Feb 17 15:25:14 2888
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Figure 9 DC Gain = 59.623dB
2. Standby Power Dissipation:

The standby power is one of the most important mpatar to be considered when
designing any line driver op-amp. In this desigrereise, the specification is less than
100mW for the standby power, the designed line edrikconsumes 733.2mW power,
which well meets the specification.

signal OB ("wa" "77") signal OB ("¥7" "7t
1 -22. 0%m i -22. 28m
pwr -36. 45m PV -36. Thm

v 1.65 Vv 1.65

Figure 1The Total Standby Power Dissipation is 73.2mW<100mwW



3. HD3:

distortion plot.

The transient sine wave output signal and the haitedistortion plots are shown next.

About -82.9dB HD3 is achieved by this line drivas, marker A shows in the harmonics
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Figudi1HD3 of Our Design is -82.9091dB<-76dB



4. Voltage Swing:

The output voltage swing is next checked to enstirkeast 2.2V swing, to avoid any
obvious distortion by the output stage. It is olongdhat the output swing is 2.68V in this
figure, which is higher than 2.2V swing requirement

Lab2@EE hwidd_qZamp_sim schermatic @ Febh 17 16:81:14 2628
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Figure 12 Output Swing of Our Design is 2.68V
5. SNR:

The noise performance of the line driver is obséraed Signal to Noise Ratio (SNR) is
calculated, including the noise contribution frdme two feedback network resistors.

Device Param Noise Contribution % 0f Total
I0.H11 id 1.97533=-06 28,349
I0.He id 1.95571=-06 28.11
I0. N2 id 1.09932=-06 15. 80

Integrated Hoise Summary (in ¥°2) Sorted By Noise Contributors
Total Dutput Noise = 6. 05789=-06

Total Input Referred Moise = 2. 01486e-10

The zbove noise summary info is for noise data

Figure 1tegrated Input Noise from 0.1MHz to 1.2MHz is gbly 201.486pV/Hz



Therefore, the SNR of our amplifier is:
117 /2

=94.78dB
2.0148¢ 10"

SNR=10log

Summary

This line driver 3-stage amplifier design providezlan excellent learning opportunity to
practice the knowledge we have learnt in class.rd@hare few very important
specifications we always need to meet, the firg snthe standby power consumption,
which is directly related to power efficiency. Ahet one is the harmonics distortion, in
this case, is the HD3, because some of the trasgmisystems require very good
linearity in order to achieve a good communicasgstem.

The 3-stage line driver amplifier designed meeltshal 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 <100mWwW
SNR 94.8dB >85dB
Temperature 60 60
Qutput Swing 2.68V 2.2V
Input Signal 2.2Vpp 1IMHz | 2.2Vpp 1MHz




Problem 3:
Show that circuit (A) can be modeled as shown muti (B). Discuss the approximations
needed for this approximation and the value.diVrite the exact transfer function of (A) and

(B).

Figure 14: Original Topology

X

Figure 15: Modified Topology
Suppose/, =V." - V" :

From Figure 14, we have the KCL equation at node X:
V Y/
V,g,, +(V, +—=)SC +—=SC, =0,
dgm (Vo A) Q A (0]
SinceC, >>C_, we can simplify the expression:
VyG + (Vo +-£)SG =0

Therefore, we have the transfer function for ougioal topology:

Hl(S) = ://_0 =" ?Lm
d (1+Z)SCC
Similarly, for the modified topology, we have the K&guation at node X:
VO
VaOn =—2—SG

1+ A



Therefore, we have the transfer function for medifiopology:
H 2(8 =0 = —gm

Hence, ifb = 1, we will haveH,(S) = H,(S), which means that wheh = , bur original
topology in Figure 14 can be modeled by the moditapology in Figure 15.

Now we can verify the feedback factor in topology Etsure 6 = 1

b= Ce with Cc >> Cp) is indeed approximately equal to 1.
Cc+Cp




