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Y our Name (Last, First)

Guidelines

Closed book and notes; three 8.5” x 11" page (both sides) of your own notes is allowed.
You may use a calculator.

Do not unstaple the exam.

Show all your work and reasoning on the exam in order to receive full or partial credit.
Y ou have 180 minutes (3 hrs.); use your time wisely. Good luck!

Score
Points
Problem | Possble Score
1 30
2 25
3 25
4 20
Total 100




1. CMOS two-stage photocurrent amplifier [30 points]
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Given: V-=-15V |

MCox = 25 MA/N/?, Vp, =-1.0V, | ,=0.05V* ‘S\)
=
Neglect the backgate effect. p(m— Rs

My: (WIL); = 256/1 (mm/mm)

M2 (WIL) = 256/1 (mm/mm) M5: (WIL), = 32/1 (mm/im) Efz 188 ';\\’,\'V
Ms: (W/L); = 16/1 (mm/mm) Mg: (WIL)g = 32/1 (mm/mm)

Ma: (W/L)4 = 32/1 (mm/mm) Mo: (WIL)g = 64/1 (nmm/nmm)

Ms: (WIL)s = 256/1 (nm/mm) Mig: (WIL)o = 512/1 (mm/mm)

Mg (W/L)g = 128/1 (mm/mm) Myq: (WIL)g = 64/1 (mm/mm)

(@ [3 pts.] Find the numerical values of the DC drain currents for transistors M1, Mi,
and M. You can assume that all transistors are saturated, that the DC output
voltage is Vout = 0V, and that channel length modulation can be neglected.

Ip1 = mA -lp1o = mA -lp2 = mA




(b) [3pts.] Locate the bias point Q, which isthe point Ips(Vess, Vbss), for transistor
Ms on the family of curves on the plot below. Select the nearest Vgss curve from

those given on the plot.
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(©) [5 pts.] Redraw the circuit with nonrideal (“gray circle”) current supplies and any
bias current sources or voltage sources for each amplifier stage. Label with the
numerical values of the DC currents Isyp and Ig as and the DC voltage Vpc. There
IS no need to evaluate the resistances roc. Hint: your circuit should contain two

current supplies, one bias current, and one bias voltage.



(d) [4 pts] Identify the two-port type for each amplifier stage (e.g., CS, CG, or CD)
and fill in the appropriate circuit model (e.g., current buffer, transconductance
amp, etc.). Y ou should include the elements (e.g., Rn, Rout, gain element) for each
stage in your circuit. Thereisno need to evaluate any of the parameters for this

part.
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(e) [3 pts.] Find the numerical value of the input resistance R, of this amplifier in
Ohms. Y ou should make reasonable approximations to simplify the calculations.




(") [5pts] Find the numerica value of A; (the low-frequency short-circuit current
gain -- atwo-port parameter.) Again, you should make reasonable
approximations in order to save time and pencil lead!

Ai:

(9) [4 pts.] Find the maximum amplitude iAOUT'M A Of the output current ioyT,(t) in MA
which avoids clipping. Note that the value of the load resistor is R_ = 100 kW.

A~

IOUT,MAX - mA




(h) [3pts] Sketch the transfer curveiout Vs. is where the output current isin mA and
the input current isin nA = 10° A. Consider the input source to be “large signal”
for this part and neglect Rs. Provide your own appropriate scale -- your sketch
should be consistent with your answers to parts (f) and (g). If you couldn’'t solve
these parts, you can assume that the overall short-circuit current gain is 75 and
that -1.2 V <vout <0.9V (not the correct answers, of course).

4 o [




2. Freguency Response of a CMOS Photocurrent Amplifier [25 points]
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Given: V' =-15V

[lluminated Photodiode Model:

MCuw = 50 MA/V2, Vi =1.0V, 1 ,=0.05V?

MCo = 25 MAV2, Vip = -1.0V, | ;=0.05 V'L % S) >

L
L

CsT Rs@ Is
i

My (W/L), = 256/1 (nm/mm)

My: (WIL) = 256/1 (mmvmm) My: (WIL), = 32/1 (mm/mm)
Mz: (WIL); = 16/1 (nmm/mm) Mg: (WIL)g = 32/1 (nm/nm)
M,: (WIL), = 32/1 (nm/mm) Mg (WIL)g = 64/1 (MVnm)
Ms: (WIL)s = 256/1 (mm/mm) Mo (WIL)g = 512/1 (mm/mm)

Mg (WIL)g = 128/1 (mm/mm)
Device Capacitance Data:  Co = 2 fF/Mm? Co = 0.1 fF/m,

Rs= 100 kW
Cs=100fF
R.=100kW
CL=100fF

Lgiff = 2 m,

NMOS: Cus = 0.5fF/mm? PMOS: Cab = 0.3 fF/m?
(& [4 pts] What isthe numerical value of the total capacitance Ci, between the input

node IN and small-signal ground (in fF)? Y ou can consider

any node connected

to a DC voltage source through a diode-connected MOSFET to be effectively at
small-signal ground. Also, assume Vsz1 =0V. List al relevant capacitances

symbolically (e.g., Cys) before calculating their values.

Cin = fF




(b) [3 pts.] What is the opentcircuit time-constant t i, associated with Ci, (in
nanoseconds, 10° s)? If you couldn’t solve problem 1(e), you can assume that the
input resistance R, = 2.5 kW for this part.

tin = ns

(©) [5 pts] By using Miller’s theorem and including all relevant capacitors, what is
the total capacitance Cx between node X and small-signal ground (in fF)? You
can consider any node connected to a DC voltage source through a diode-
connected MOSFET to be effectively at small-signal ground. List al relevant
capacitances symbolically (e.g., Cyq1) before calculating their values.

Cx = fF




(d) [2 pts] What isthe open-circuit time-constant t x associated with Cx (in
nanoseconds, 10° s)? If you couldn’t solve problem 1(f), you can assume that the
short-circuit current gain A; = 105.

tx= ns

(e [3 pts] What isthe numerical value of the total capacitance Co: between the
output node OUT and small-signal ground (in fF)? Y ou can consider any node
connected to a DC voltage source through a diode-connected MOSFET to be
effectively at small-signal ground. List all relevant capacitances symbolically
(e.9., Cyde) before calculating their values.

Cout = fF

(") [3 pts.] What is the numerical value of the open-circuit time constant t o for the
capacitance between the output node OUT and small-signa ground (in nano-
seconds, 10° 5)?

t out = nS




(9) [3pts] What isthe—-3dB frequency w; for this amplifier in Mrad/s, according to
the opentcircuit time constant method? If you couldn’t do parts (a)-(f), you can
assume here that Ci, = 120 fF, Cx = 225 fF, and t oyt = 35 ns—all incorrect
answers, of course.

Wi = Mrad/s

(h) [2 pts] The bandwidth is not high enough, so you decide to add a 3" stage.
Which CMOS 3" stage, if any, would improve the bandwidth of this amplifier?
Circle one answer and justify it.

Circleone 1.CS 2.CG 3.CD 4. None

Justify your choice in one or two sentences:

10



3. New CMOS amplifier configuration [25 points]

////////

LI

poly (clear)

L

f

MCox = 50 MA/VZ, Vi, =10V, | , =005V
NpCox = 25 MA/V?, Vi =-1.0V, | ,=0.05 V!
Cox = 2 fF/mm?

Node Voltages:
1. Input, 2: Vpp =25V, 3. V=0V, 4: Output

metal (clear)

n-well (dark)
[ Joxide (dark)

! select (both)

|:| poly (clear)
contact (dark) ,
/] metal (clear)

\ n-well (dark)

contact (dark)

select (both)
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n-well CMOS process: starting material: boron-doped silicon, conc. 1 x 10 cm®

=

Deposit 500 nm of thermal silicon dioxide and pattern using the well mask
High-energy phosphorus implant; rapid-thermal anneal to form 2 mm-deep well with
only a0.5 nmwide lateral spread of phosphorus under the well mask pattern (through

the end of the process)
Etch off oxide, deposit 500 nm of silicon dioxide, pattern with oxide mask
Grow a 2.5 nm-thick gate oxide
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0.

Deposit 250 nm of heavily phosphorus-doped polysilicon and pattern with poly mask
Implant boron using photoresist patterned with the select mask (dark field) asan
implant mask; strip resist.

Implant arsenic using photoresist patterned with the select mask (clear field) asan
implant mask; strip resist.

Rapid-thermal anneal to form 0.25 mm-deep regions that spread laterally by Lp = 0.1
mm. Net doping conc. for both n and p type source/drain regions: 5 x 10'® cm®. The
polysilicon layer is ntype at the end of this step.

Deposit 500 nm of silicon dioxide and etch 502.5 nm of oxide with the contact mask

10. Deposit 500 nm of aluminum and pattern using the metal mask (clear field).

(@ [5pts] Draw the cross section along A-A’ on the graph below. The locations of
the mask edges have been indicated on the x axis scale for your convenience.
Label any ionimplanted regions in the substrate.

A
15F z(mm)
1.25 | Edge of con-
tact mask
1L
0.75
05
0.25F
— L1
0 35 | 025 05 0. 75 1 25 .5 1 75 2 25 25 275 3
05 | /‘ T '\ / T '\ y (mm)
-0.75["| Edge of Edge of Edge of Edge of Edge of
-1 | sefect mask oxide mask metal mask oxide mask select mask

(b) [4 pts.] Draw the schematic of the circuit corresponding to this layout, including
the connections for al four terminals and the (W/L) ratios of any MOSFETSs in the
circuit. Note that nodes 1-4 are defined below the schematic on p. 11.



(©) [4 pts.] Find the numerical value of the DC bias voltage Vg as between nodes 1
and 3 that is needed for the DC output voltage (node 4) to equa Vpp/2=2.5/2V
=1.25V. MOSFET parameters are listed below the schematic on p. 11. You can
neglect channel-1ength modulation for this part.

Veas=___ V

(d) [4 pts] Find the numerical value of the short-circuit transconductance G, for this
amplifier, when biased at the operating point specified in part (c). If you couldn’t
solve part (c), you can assume that any MOSFETSs in the circuit are biased at a
drain current |Ip| = 20 mA.

o

Gm
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(e) [4 pts.] Find the numerical value of the output resistance of this amplifier, when
biased at the operating point specified in part (c). If you couldn’t solve part (),
you can assume that any MOSFETSs in the circuit are biased at adrain current
[Io] = 20 mA.

Rout = kw

(" [4pts] What istheinput capacitance C;, of this amplifier in fF when biased at
the operating point specified in part (c), for the case where R_isinfinity? The
input capacitance is the total capacitance (including any Miller capacitance)
between the input (node 1) and small-signal ground. ) If you couldn’t solve part
(c), you can assume that any MOSFETSs in the circuit are biased at a drain current
[Io] =20 mA.

Cin = fF
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4. Feedthrough model [20 points]

Ix —> Iin I
| [IMR]| —
c, —— C, ::T Rlin Vo
“O) " -
d | | L. i i
R, Ideal Transresistance Amplifier

This circuit model represents substrate feedthrough around a MEMS resonator (MR).

(@ [5pts] Find an expression for the phasor feedthrough current I in terns of the
drive voltage V4. Do not simplify the expression for this part.

(b) [5pts] Find an expression for the output voltage Voui s dueto Iy (that is, with 14
setto 0 A). Your answer should be expressed as Vot / Vg and must be reduced to
the form of one pole and a numerator proportional to w?.
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(© [5pts] On the graph below, plot the magnitude Bode Plot for the transfer

function Vourt / Vg. The parametersare: C, = 500 fF, R, = 500 W, and
Rm =-1MW.

If you couldn’t solve part (b), you can plot the transfer function:
Vout,f - KW2
V, 1+ jw/w,

whereK =5x 10 & and wy = 8 x10° rad/s.

Vo ! V.
|out,f sldB A

770) R S SR ST S S R

[en]
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(d) [5 pts] If adrive voltage waveform is vg4(t) = 100 mV cog (10 Mrad/s)t] is
applied to the input, what is the output voltage waveform due to feedthrough,
Vout £ (t)? Use your results from parts (b) and (c), or the aternative transfer
function given in part (c)
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