Midterm Exam Analog IC Design NCKUEE

1. Briefly describe the following questions.

(a) Please use cascode and ratio matching techniques to design a wide-swing current mirror, as shown in
Fig. P1(a), which can generate accurate 0.6xlo. Describe your design and draw your schematic. Do not
apply any DC voltages except Vpp and GND.

(b) Explain pole-zero frequency doublet with the first stage of a two-stage OPAMP shown in Fig. P1(b)

Ims

. 1+ 3
by showing that I\;’—“t =0 H—éwp , Wherew, = o Assume gmi1=gm2, gm3=gm4, Cx=Cygs3 + Cgsa
in Ap X
+ Cab1 + Cabz + Cyar.

(c) Briefly describe mobility degradation.

(d) Describe flicker noise and how to reduce it. Explain the correlated double sampling (CDS) circuit.

(e) Briefly describe noise bandwidth and how kT/C noise is generated.

(f) Briefly explain how to prevent latch-up problem.

(9) Briefly describe device mismatch and list two major capacitor mismatch errors. How to get accurate
resistor and capacitor ratios?

(h) Briefly explain yield and what factors affect it.

(i) Briefly explain antenna rule.

(1) Briefly describe subthreshold operation of MOSFET.

(k) Briefly describe how to set the input and output common mode voltage of single-ended and fully-
differential ended resistive-feedback inverting amplifier with its closed loop gain = -R1/Rz2, respectively.

() What is the full power bandwidth of an OPAMP with a rated output voltage of 1V and a slew rate of
1V/ns?

(m)Describe the purpose of capacitor layout with equal perimeter-to-area ratio, and show a capacitor layout
with equal perimeter-to-area ratios of 2 units and 3.35 units, where a unit-sized capacitor is 10pum x
10um. (Hint: when a non-unit-size is required, it is usually set to between one and two times the unit-
sized capacitor and is rectangular in shape, ex : 3.35units=2units+1.35units.)

(n) Briefly describe how to design a high gain and wideband amplifier with accurate gain and bandwidth.

(Hint: feedback, multi stage and switching capacitor may be used to realize such requirement)

(o) Briefly explain the two major sources of charge-injection errors. (5%)
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2. Two voltage amplifiers (each having infinite input impedance and zero output impedance) are available:
one with a gain of 3V/V and 6 Vms Noise observed at the output; the other with a gain of 10V/V and
15V ms NOISe observed at its output.

(a) What is the input-referred noise of each amplifier?
(b) If the two amplifiers are to be placed in series to realize a gain of 30V/V, in what order should they
be placed to obtain the best noise performance?

(c) What is the resulting input-referred noise of the overall system in (b)?

3. Answer the following questions.
(a) Find the total rms noise value if three uncorrelated noise sources having Vit ms=7uV, V2 ms=3uV
and Vi3 ms=4pV are combined.
(b) Consider an ideal noiseless amplifier with voltage gain of 40dB, and the load capacitor Ci, in
parallel with a load resistor, R, as shown in Fig. P3, where Vr.(f) is the thermal noise of RL.
Assuming T=300K, C=3pF, R=150kQ, and k=1.38x10"23JK?, please calculate the squared rms

noise across the capacitor, Vno_ms? and the squared rms input-referred noise of the circuit.

(MNoiseless)

Fig. P3
4. Fig. P4(a) shows a comparator using an OPAMP, where @1, ®14, and ®> is shown in Fig. P4(b) and the
OPAMP is assumed to be ideal. Describe the operation of offset cancellation in Fig. P4(a).
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5. Asshown in Fig. P5, there is a cascaded n-stage comparator. Derive the gain A of each stage to get the
minimum total time constant (Twtal =211, where ti=1/m348 ), assuming the total gain (Atwt) of the

comparator is a constant and corner frequency msqds Of each stage is the same. Hint : 6A%n = A"-In(A)

Stage 1  Stage 2 Stage n-1 Stagen

Vin H%% T _lﬁﬁ Vout
= J=:Cp = :L:Cp = Jr:op = Jr:cp Fig. P5



6. Show the frequency response of Vout(S)/Voo(s) in Fig.P6, with the parameters of Cgs, gm, rasand Cr. In
addition, Cqd, Cgb, Csb, and Cap of MOSFETS can be neglected.
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7. A constant gm bias circuit is shown in Fig. P7(a). Neglect channel length modulation and body effect.
(a) For Fig. P7a, please find Irer (non-zero solution) in terms of ppCox ~ (W/L)p ~ R and K (K>1).
(b) According to the circuit shown in Fig. P7(b), find the DC loop gain, Ao = (Vo/Vi) in gm1, gmz and R.
(c) Let K=4, what is the value of DC loop gain Ao ?
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8. For asingle-stage fully differential OPAMP and its common-mode feedback (CMFB) block diagram
shown in Fig. P8, where Veias p, Ven and Vcwm are DC voltage, the transistor sizes are given in Table
P8. Assume pnCox=100pA/V2, nsCox=40pA/V?, Vin=-Vp=0.5V, Vpp=1.8V, A=Ap =0.05/L(um),

Ip m1=Ip_m2 =10pA, acms=1 and body effect can be neglected.
(a) Briefly describe the operational principle of CMFB block diagram shown in Fig. P8. (5%)

(b) Calculate the DC gain of common-mode loop gain. (10%)

(Hint: common-mode loop gain = Yen(®) . Yo' 6) or Vau(®) V. () )
Voc (S) Vctrl (S) Voc (S) Vctrl(s)
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CMFB block diagram



9.

10.

Fig. P9 shows enhanced output-impedance current mirror, where the current source is ideal and the
transistor sizes are in Table P9. Assume pnCox=100pA/V?, ppCox=40uA/V?, Vin=-Vp=0.5V,
Vop=1.8V, An=Ap =0.05/L(um). Neglect A and body effect when determining DC voltage and current.
(@) Show that the output impedance Ro in Fig. P9 can be approximated as (1+A)gmairdsilds2.
(b) Assuming A=50, calculate the output impedance in Fig. P9.
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J0UA VBias Vo
( délal) © M, Table P9
Transistor dimension
(in um)
| M1 5/0.2
| M, M2 4/0.2
M3 4/0.2
X *—Gnd

Fig. P9

For a two-stage OPAMP and a bias circuit shown in Fig. P10, where Cc=0.2pF, C.=2pF and input bias

voltage=0.8V, the transistor sizes are given in Table P10. Assume Vpp=1.8V, unCox=200pA/V?,

1pCox=801A/V2 Vin=-Vip=0.5V, A=An=-Ap =0.06/L(um), neglect A effect and mismatch errors when

determining DC voltage and current.

(a) Calculate DC currents of 11 and |2

(b) Calculate DC voltages of V1, V2 and Vs.

(c) Calculate the input common mode range of the OPAMP.

(d) Calculate the DC gain of the OPAMP.

(e) Assuming the parasitic capacitance of all transistors can be neglected. To place the right-half-place
zero on the 2" pole, calculate the W of Mc. (Hint: the right-half-place zero is at

-1
®, = )
Cc/gm —Re)

(f) Assuming the W and threshold voltage of M1 become 5.2um and 0.45V respectively due to process
variation, calculate the input offset voltage. (5%) (Hint: Input offset voltage is the voltage applied

to the input to drive the small signal output voltage to zero)
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11. Two structures of high output impedance current mirrors are shown in Fig.P11, where the current sources
are ideal and the transistor sizes are shown in Table P11. Assume Vpp=1.8V, unCox=200pA/V?,
1pCox=80pA/V? Vin=-Vp=0.4V, A=h=-A, =0.2/L(um). Neglect A when calculating DC voltage and current.

(a) Please calculate output impedance Ro1 and minimum output voltage voz in Fig. P11(a).

(b) Please calculate output impedance Roz and minimum output voltage voz in Fig. P11(b).

(c) Please modify the circuit in Fig.P11(a) into a wide-swing cascode structure. Simply sketch your
answer (use additional bias circuit if needed) and recalculate the minimum output voltage vou.

(d) If (W/L)ms becomes 6.3/0.5 and (W/L)m7 becomes 5.7/0.5, please calculate minimum vo.

30pA

1 (Ideal) Table P11
Transistor dimension
M (in um)
= M; 5/0.5 Ms 3/0.5

M, 5/0.5 Mg 9/0.5
— M; 6/0.5 M, 6/0.5

|\/| 3 7
1 l:|—"—| M; M, 6/0.5 Mg 6/0.5

Fig. I;11(a) Fig. E’ll(b)
12. Fig. P12(a) shows a comparator composed of a pre-amplifier and a positive-feedback latch. The
waveforms of the internal nodes are illustrated in Fig. P12(b). Assume the preamplifier output can be

expressed as Vp(t) = Apre x A Vin [1-exp(-t/tpre)] +VbD/2, Where Vpp/2 is the common-mode voltage of

the pre-amplifier, and the two inverters are identical.
(@) If vo(t) = vx(t) - vv(t), and vo(t1)=AVo. Please refer to Fig.P12(b) and prove that

v, (t)= AV, exp[t_tlj for t1 < t < t1+t, ,where Ainy, CL and Ry are the inverter gain, total
RLCL/(A _1)

capacitance of each node vx and vv, and total resistance of each node vx and vy, respectively.

(b) Please refer to Fig. P12(b) and find the time interval t2, which is the time it takes for vo to reach
1.7V after t1, where VDD=1.8V, t1=50ps, AVIN=0.7uV, tpre=2ns, Ri=10kQ, C =0.5pF, Ainv=181
and the preamp gain Apre=120. Assume the driving capability of PMOS and NMOS of the inverter

are the same and vo(t1)=vp(t1).
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13. A comparator design usually employs preamplifier with offset cancellation and a positive feedback

14.

latch as shown in Fig. P13(a). The internal nodal voltage waveforms of this comparator are shown in
Fig. P13(b). Specifically, the gain and output time constant of this preamplifier are A and t,
respectively. The clock period of this comparator is T. The output of the preamplifier can be expressed
as Vpreamp(t)=Vpp/2+A*Vin{1-exp[-(t-nT)/t]} for te[nT,nT+T4] if the offset voltage (Vofr) of the
preamplifier are zero. (Assume all switches are ideal).
(a) Considering finite A, please modify the equation of Vpreamp(t) for te[nT,nT+T1] if Vot is non-zero.
(b) If the differential output Vo(t)=V«(t) - Vy(t), and AVo= Vpreamp(NT+T1)-Vpp/2. Please prove ,
t—nT-T,
a1

where Ainv, CL and R are the inverter gain, total capacitance of each node Vx and Vy, and total

V, (t)= AV, xexp| Jforte[nT+T,(n+1)T]

resistance of each node Vx and Vy, respectively. Assume the two inverters are identical.
(c) Let 7=4ns, T1=1ns, Ri=5kQ, C.=1pF, Ain=51, A=80, Vit =1mV and Vin=1.5mV. What is the
minimum value of period T for this comparator to let |Vo(t)|=0.9Vpp for te[nT+T1, (n+1)T]?
(d) Digital circuit at the comparator differential output requires -0.9Vpp and 0.9Vpp for valid logic “0”

and “17, respectively. With parameters in (c), if T=2ns, find the range of Vin causing metastability.

Voreamp(t)

o
o[ L[]

®,

®y I

nT nT+T, (n+1)T

t

1 1
nT nT+T, (n+1)T nT nT+T, (n+1)T

®,
Vin+Vpp/2 0——6 o
D,
Fig. P13(a) Fig. P13(b)

An OPAMP is shown as Fig.P14, where Cc=0.5pF, C . =2pF and input bias voltage=0.9V. Assume
Vop=1.8V, unCox=200pA/V?, 1pCox=80nA/V2, Vin=-V1p=0.4V, A=An=-Ap =0.2/L(um). Neglect A and
mismatch error when calculating DC voltage and current.

(a) Calculate Iz, V1, V2, and Vs.

(b) To eliminate the right-half-place zero altogether (w, — o), calculate the W of M.

(c) For the condition in (b), calculate the DC gain, unity-gain frequency and phase margin.

(d) Please calculate the value of rising slew rate shown in Fig.P14.

_ _Vop
Table P14
M3 4| Transistor dimension
Vi M, | (in yum)

M; 2/0.25 Mg 24/0.25

4 . M, 2025 M; 3/0.25
Vi 2 i Ms; 2/0.25 M. W/0.25
M M, 2/0.25
51'1:2°”A Ms 0.5/0.25

Gnd -i—
Fig. P14



15. Fig. P15 shows a comparator with OPAMP and offset cancellation. In this circuit, when switch Qs turns
off, charge injection causes two extra errors to OPAMP input V" due to channel charge and clock
feedthrough. The former can be attributed to the charge in transistor channel, which flows out from the
channel region to the drain and source junctions. The latter is due to the overlap capacitance (Cov) of
transistor between the gate and the junctions. Assume Vpp=1.8V and Vi, =0.5V.

(a) Derive the OPAMP input voltage change (AV") due to channel charge and clock feedthrough in
terms of Vpp, GND, Vin, Cox, W, L, Lov, C. (Hint: Coy=CoxXWx Loy, Where Loy is the overlap length
between gate and the junctions)

(b) Let C=3pF, Cox=5fF/(um)?, (W/L)1-3 = 10um/0.5um, Lov=0.2um. Calculate the voltage change due
to channel charge and clock feedthrough and total voltage change.

\Vii —O Vout

Vem

Fig. P15

16. A single-stage fully differential OPAMP and its common-mode feedback (CMFB) circuit are shown in
Fig. P16, where Vgn and Vcm are DC voltage and the transistor sizes are given in Table P16. Assume
1nCox=100pA/V?, upCox=40pA/V2, Vin=-Vp=0.5V, Vpp=1.8V, An=Ap =0.05/L(um), Ip m1=Ip_m2 =SpA
and body effect is negligible. (Neglect A and when determining DC voltage and current.)

(a) For proper CMFB operation, briefly explain which one of A and B should be connected to vcrrL?
(b) Calculate the DC gain of the common-mode loop gain.

(Hint: common-mode loop gain = Yeri®) . Vo ) or Ven(s) Vv, (9))
Voc (S) Vctrl(s) Voc (S) Vctrl (S)

Vop
VeTRL
|—> Aor B? A M6 M7 B
R . Table P16

|-°V| Voc=(Vo +Vo)/2 The dimension of

transistors (in pm)
Common-mode M1 30/0.8° M6 15/0.8

M8 M9 V

detector E HH o M2 30/0.8 M7 15/0.8
M3 10/0.8° M8 6/0.8
I_i_lEIMA' Ideal current cource@ 8uA mg ég;gg M9 6/0.8

Fig. P16



17. For the circuit shown in Fig. P17, assuming pnCox=100pA/V?, pipyCox=30pA/V?, Vin=-Vp=0.6V,
Vpp=1.8V, A=kp =0.05/L(um), a=2.
(a) If devices are perfectly matched, calculate Vo and |
(b) If (W/L)2 becomes 3.1/0.25 and (W/L)4 becomes 9.9/0.25, calculate Vo.
VDD
SOpA
C) M3
Y 0 25 HF”'E 01_05

Vo

|
M1 M2
3 3
0.25 0.25 Y

50pA
- R Fig. P17
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18. A fully-differential folded-cascode OPAMP is shown in Fig.P18(a), where it’s input bias voltage is

0.9V. Assume that Voy = 0.2V for all MOSFET except Mg & Mo and body effect can be neglected, and

Vop=1.8V, tnCox=200uA/V?, ppCox=80uA/V?, Vin=-Vp=0.4V, A=hn=-1p =0.2/L(um).

(a) Derive the output resistance (Rout) With parameter of MOSFET. (gmx and rasx for My)

(b) Calculate the DC gain and maximum negative slew rate, all the size of MOSFET are list in Table P18.
Assume that the total output capacitance is 2pF at both Vout+ & Vout-.

(c) Fig.P18(b) shows a common-mode feedback circuit, derive Vi when output common-mode voltage is
stable. (Parameters you can use: Vout+, Vout-, Vem, Ves4, Csand Cec. Hint: charge conservation)

(d) If Vem=0.9V, C=C;s and output common-mode voltage is stable, determine the voltage of Vga.

Vo Vbp
s B,
A -  Table P18
'_IMl Mz_ivTTL.I & |<‘ITVDD Transistor dimension
o | FYRRV | = (in um)
vitm Ll L r—l — —1 —oVoxr  M;  5/0.5 M 29/0.5
= 1 v Mo ? T ° Vo M, 5/05 M; 12/05
F—+— M; 50/05 Mg 12/0.5
L20uA (1Y, I Ve |7 11 M; 50/05 Mg 15/0.5
(Ideal)\Y/ " | Mg Myg [ CMFB [Cl= = G Ms 29/0.5 My 15/0.5
“I | Vctrl
T |
Fig. P18(a) . Phase | Phase II,
Vouts Vout- ¢1 A‘k | |

on off _
VCM ¢1 ICS c Cs ¢2 R } } t
° l S Ves  [“switch [ Switch |

ff
Vctrl 0 on > 1

Fig. P18(b)




19. Derive the input-referred offset voltage of the circuit in Fig. P19. (Neglect channel length modulation
and body effect.) Show the result in terms of A(W/L)n, A(W/L)p, Vir-a, (W/L)n, (W/L)p, In, Ip, Voun ,
and |Vove|, where V114 are the threshold voltages of M1-4.

A(W/L), =(W/L), —(W/L),, A(W/L), = (W/L), —(W/L), Yoo
/ / / M M
Win), = WD WD), o (W), + (WD), a]E"_ :
’ 2 2 ¢ th

1 L+ I CL+1,

N 5 P > Ving_lE I_\iin-
Vo = |2 = [ 2T M v

P II - . o | — ;

TNk, (W), Tk, (WL,

(Hint: For e << 1.4/1+& x1+¢&/2and (\/l+€r xl-¢g/2)) Fig. P19

20. A non-overlapped clock circuit and its input vin are shown in Fig. P20(a) and Fig. P20(b). Assume the
gate delays of NOR gate and inverter are tan and tai, respectively. The vin period T >> tan, ta.
(a) Please draw the waveform including all state transitions triggered by the falling edge of vin for each
of vin’, @1, O, 3 and D4 and specify each edge delay relative to vin in terms of tan and tar.
(b) Fig. P20(d) shows a comparator using an OPAMP, where the switch control signal is shown in Fig.
P20(c) and the OPAMP is assumed to be ideal.
(1) According to the pulses of @1, @2, and @3, please derive the time-domain vout(nT) in va(nT),
vn(nT-T/2) and vin(nT) when the OPAMP noise(vn) is considered.
(2) Assume the OAPMP gain A is 1000V/V (virtual short can be created at input nodes) where the
noise (vn) is white with the value of 3.2quv/v/Hz) and the sampling frequency is 2MHz. Please

find the noise power in a bandwidth of 0 to 20kHz using noise shaping function of correlated

double sampling. (Hint: z=e®T)
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21. For the fully-differential folded-cascode OPAMP shown in Fig. P21(a), the transistor sizes are given in

Table P21. Assume pnCox=90uA/V?, 1pCox=30pA/V?, Vin=-Vp=0.7V, Vpp=1.8V, Ipz= 3xIps =90pA,

CL=4.5pF, and junction capacitances and body effect can be ignored.

(a) Design a bias circuit for generating the required bias voltages.

(b) Calculate the power consumption of the OPAMP, the unity-gain frequency, phase margin, and slew
rate excluding the common-mode feedback (CMFB) circuit.

(c) Estimate the frequency of the second pole caused by parasitic capacitances at the drains of M1 and
M2 using Cgsoverlap)-i, Cgd(overlap)-i and Cox. (Hint: Assume Cgs.j = 2/3*WLCox + W*Cgs(overiap)-i-)

(d) Briefly explain operational principle of the CMFB circuit shown in Fig. P21(b)?

(e) Why CMFB circuit is required in fully-differential amplifier circuit? (10%)

(f) From Fig. P21(c), assume gm,12 = gm13 = Om,14 = gm,15, please calculate the common-mode loop gain

in term of rgs;i and gm,i. (Hint: common-mode loop gain =Ventr1 . Vout )

V V

cm cntrl

(9) Could nodes from Vg2 to Vgs be connected with the control voltage, Veni, of a general CMFB
circuit, which doesn’t specifically refer to the CMFB circuit shown in Fig. P21(b), for achieving
common-mode voltage control as well? Give explanations on your answer. (10%)

(h) Assume thermal noise power of the input transistor M1 is Vn2. Calculate the total input-referred

thermal noise power excluding the CMFB and bias circuits. (15%)

Table P21
Table P5. The transistor
dimensions (in um) of
the OPAMP of Fig.P5(a) Voo
Voo M1 300/1.6 Mé 60/1.6 I
M3 M4 M2 300/1.6 M7 60/1.8
|_1_| M3 300/1.8 M8 20/1.6
Vg - M4 300/1.8 M9 20/1.8 w2 [y, y M3
M5 80/1.8 M10 20/1.6 DD pb
Voo [y M5 M?é\ﬁfn M11 20116 Vour o] gyl | boVou

M1 M2 |—1—|
:_| = ﬁl_ Voutt Vi Vout- Vet
] = = o B3

RN
wly g T bikd P’J

o == . = GND
V LT M10 M11 T L CMFB
BS °_|E M3 ‘_|= ] =I_. - | MW‘E‘J
= eno = GND
Fig. P21(a) Fig. P21(b)
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Voo M6 M7 Voo
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°_| M1 M2 —II l
+ = 5’—‘ Vgun + Vot Ves Vour- :;mn‘
Vin Vi
: M8 I M9 | :
Vem
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M5

Ventrit Vennrd l

Fig. P21(c)



22. The circuit in Fig. P2 realize a low-pass transfer function from Vi to V,. Assume the opamp is ideal and

noiseless. (15%)
(@) Derive the input-output transfer function H(jw) = % (5%)
(b) Derive the rms output noise, using only dominant noise sources of R1 and R¢ (In1 and Inf). (5%)

(c) Assume T=300K, k=1.38x102JK?, Ri=5kQ, R=10kQ and Cs=2pF. Calculate the value of the

output noise derived in (b). Please express the answers in unit of Vms. (5%)

Fig P12
23. Fig.P4 is a wide-swing current mirror. Assume Vin=0.5V 1:or all transistors, and lpias=lin=2lout. The Vess of M1, M2
are 0.2V, M3, M4 are 0.3V. Neglect A in the calculation. In order to minimize the allowable output voltage,
(@) Express Veir of M5 (Vetrms) in terms of Verrmi and Verrms and find its value. (5%)
(b) If (W/L)mi= nl-(W/L)m2=n2 -(W/L)mz=n3-(W/L)ma=n4-(W/L)ms, what are the values of n1 ~ n4 should be
designed? (5%)




