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Problem Set 3

Q1. Given an NMOS transistor fabricated in a process for which &/, = 200 uA/V? and V} = 20 V/um, de-
termine the intrinsic gain A, and design parameters Ip and W assuming gm = 2mA/V, L = 500 nm
and V,, =0.25V.

Solution

First, the required current is determined.

As per the equation: g, = 2 * Ip/V,,, a rearange can be performed:
Ip = gm Vg /2 = (2e — 3) % (0.25)/2 = 250 uA

Ip =250 pA

Second, the width is determined. (Hint: match up the units!)

As per the equation: Ip = (k/,/2)(W/L)V2 where k!, = u, * C,;, a rearange can be performed:
W = 2x*Ip*L)/(kl,*V2) = (2*(250e — 6) * (500e — 9))/((200e — 6)  (0.25)2) = 20 ym

W = 20 pm

Finally, the intrinsic gain can be determinde. With a rearange of equation A, = gm * r,, we get:

Ao = Vi %10 % \ /2% kI, « W L/\/Tp = (20) % 10% % /2 % (200e — 6) * (20e — 6) * (500e — 9)/+/(250e — 6) = 80"
A, =80V/V

Answer

Ip =250pA; W =20pum; A, =80V/V

Q2. Given an NMOS transistor fabricated in a certain process, an intrinsic gain of 4,1 = 80V /V can be
achieved with Ip; = 100 pA.
a) Determine the achievable intrinsic gain for the same transistor with a bias current of Ipy = 25 uA
and Ips = 400 pA.
b) For each current, find the factor by which A, changes relative to its initial value.

Solution

As we know: A, = gm*r, =V} % /25Uy * Cop * W L/\/Ip.
As such the constants can be determined:

Vi s V2xup*Cop x W x L = Ayt x+/Ip1 = (80) % 1/(100e — 6) = 0.8 A

With this:
App = Vi /2% up * Cop x W x L/\/Ips = (0.8)/1/(25e — 6) = 160 V/V
Ags = 160V /V

Aoz = Vi /2% up x Cop x W x L/\/Ipz = (0.8)/1/(400e — 6) = 40V /V
Avy = 40V/V

The gm ratios can now be calculated as they are proportional to the change in intrinsic gain:
Ka = AO2/A01 == (160)/(80) =
K,=2
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Ky = Aoz /Ao = (40)/(80) = 0.5
Ky, =0.5

Answer
Ay =160V /V; Ap3 =40V/V; K, =2; K, = 0.5
Q3. Given an 0.18um NMOS transistor fabricated with k!, = 387 uA/V? and V) = 5V /um, an intrinsic

gain of A, =25V /V and a gm = 1mA/V is required. Find the required W, W/L and bias current
Ip. (Assume L = 0.3um).

Solution

As we know, the intrinsic gain of a transistor is A, = gm * 7.
By substitution, we get the equation:
Ao =V} % /2% up * Cop x W x L/\/Ip where ki, = uy, * Cop.

With further rearanging, we get:
W s L/Ip = (A,/V}/10%)?%/(2 % k) = ((25)/(5)/10%)?/(2 * (387e — 6)) = 32.3nm?/A
W/Ip =W x L/Ip/L = (32.3¢ —9)/(300e — 9) = 0.1077m/A

We have one equation with two unknowns. We can thus arbitrarily chose a value for the current,
suppose Ip = 60 pA:

W =W/Ip*Ip = (0.1077) % (60e — 6) = 6.46 ym

Ip =60 pA; W = 6.46 um

And finally:
W/L =W/L = (6.46e — 6)/(300e — 9) = 21.53
W/L = 21.53

Note: many answers are possible!

Answer

W =6.46 um; W/L = 21.53; Ip = 60 uA

Q4. Given a process with k!, = 200 uA/V? and V4 =20V /um, design a current-source-loaded common-
source amplifier for operation at I'p = 50 pA with V,, = 0.2 V. The amplifier must achieve an open-
circuit voltage gain of A,. = —100V/V. Determine L and W/L. (Assume the current-source load is
ideal).

Solution
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First, the W/L ratio can be determined. By rearanging: Ip = k/,/2+ W/L * V.2, we can get:
W/L=2x1Ip/(kl,xV2) = 2x (50e — 6)/((200e — 6) * (0.2)%) = 12.5
W/L = 12.5

Second, the transistor length can be determined:

Ape = —gm xToys = —2% Ip Vo, % Va/Ip, where V4 = V) * L.

As such:

L= —Apc* Vo /(2% V) x10°) = —(—100) * (0.2)/(2 % (20) % 10°) = 500 nm
L = 500nm

Answer
W/L =12.5; L = 500 nm
Q5. Given a two-stage common-source amplifier where V iy = |V4p| and assuming the biasing current

sources I1 and Iy have output resistances equal to those of M; and My respectively, determine an
expression for the total voltage gain in terms of gmy, gme, r,1 and r,2.
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Solution

Looking at the first stage, we get a voltage transfer function of:
Ay = —gmy * Tou1 = —gm1 *To1/2

Looking at the second stage, we get a voltage transfer function of:
Ag = —gma * Toutg = —gma * T42/2

As such, the total transfer function is:
A= Ay x Ay = gmy * gma x ro1 * To2/4;
A = gmy % gmg x 11 % To2/4

Answer

A = gmqxgmg *ro1 ¥1r2/4

Q6. Given transistor My which has k!, * W/L = 2mA/V? V} =20V/um, and V; = 0.5 V:
a) Ignoring any DC current in Ry and assuming r, — 0o, determine V.
b) Now determine the DC current in Ry, determine Vpg, and justify your neglection of the DC cur-
rent when calculating Vig.
c¢) Determine the small-signal voltage gain V,/V;. (Assume an ideal current source)
d) Assuming the negative swing of the output limits the overall output swing, what is the min output
voltage, max output voltage and output peak-to-peak swing?
e) What is the corresponding input amplitude?
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Solution

a) Assuming all the current goes through the channel and none goes into Ry since it is so large:
Ip =k, /2« (W/L)* (Vgs — ‘/%)2

Vas = /2% Ip/kl, «x W/L+ V; = /2% (200e — 6)/(2e — 3) + (0.5) = 0.9472V

Vas = 0.9472V

b) Rearanging the voltage division rule: Vg = Vpg % R1/(R1 + R2)
Vs = Vas + R * Vg /R1 = (0.9472) + (3¢6) * (0.9472) /(2¢6) = 2.368 V
Vps = 2.368 V

As such, the current in R, is:
Irp = Vps/(R1 + Ra) = (2.368)/((2¢6) + (3e6)) = 473.6 nA
This is quite small compared to Ip; so ignoring this current in part (a) is justified.

¢) First, gm and r, is calculated:
gm =2xIp/(Vas — Vi) = 2% (200e — 6)/((0.9472) — (0.5)) = 894.4 uA/V
ro = V3 /Ip = (20)/(200e — 6) = 100 k2




ECE 331 Page 6 of 10 Univ of Toronto

Second, using KCL:

(Vo —=Vi)/Ra+gm =V, +V, /1o =0

Ay =(1/Ry—gm)/(1/Ra+ 1/7,) = (1/(3e6) — (894.4e — 6))/(1/(3e6) + 1/(100e3)) = —86.53 V /V
A, = —86.53V/V

d) For M; to remain in the active region, we require that Vp; > Vg1 — V4
Now let us write Vg1 as Vg + AVg and Vpy as Vp + AVp
where Vz and Vp are the bias voltages for the gate and drain respectively
So we have the requirement
Vp+AVp > Va+ AVg —V;
Now, from small-signal analysis, A, = AVp/AVg or AVg = AVp/A,. Putting this into the above
equation, we have
Vb + AVp > Vo + (AVp/A,) — W
and setting it to equality to find the max AVp (which is the min Vp1), we have
AVp(1—=1/A,)=Ve -V, —=Vp
Now, in this case, 4, > 1 so we can ignore 1/A4, resulting in
AVp =V =V, — Vp = (0.9472) — (0.5) — (2.368) = —1.921
This give the max output peak-to-peak output swing of
Vopp =2 % |AVp| =2 |(—1.921)| = 3.842V

Vomin = Vp + AVp = (2.368) + (—1.921) = 0.4472V
Vomaz = Vp — AVp = (2.368) — (—1.921) = 4.289 V

e) The maximum input swing is related by:
Vepp = Vopp/|Av| = (3.842)/|(—86.53)| = 44.4mV

Since Vj is biassed at Vigg = 0.9472V, the min/max values are
Vemin = Vas — Vs pp/2 = (0.9472) — (44.4e — 3)/2 = 0.925V

Vamaz = Vas + Vepp/2 = (0.9472) + (44.4¢ — 3)/2 = 0.9694 V

Note that in this case, since the swing on V(71 is so small, we could have determined that the min
voltage on Vp; was equal to V,, = Viz — V; and have found the approx answer to part (d) much
quicker.

Answer

a) Vgg = 0.9472V

b) Vps = 2.368V

) Ay = —86.53V/V

Q) Vopp = 3.842V; Vg pin = 0.4472V; Vo o = 4.289V
€) Vapp = 44.4mV; Vi ppin = 0.925V, Vs pae = 0.9694 V

Q7. In a MOS cascode amplifier, the cascode transistor is required to raise the output resistance by
a factor of 40. If the transistor is operated at V,, = 0.2V, what must its V4 be? If the process
technology specifies V) as 5V/um, what channel length must the transistor have?

Solution

Va
Vou/2

K =40 = gmare2 =
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so that

Va =K xV,,/2=(40) % (0.2)/2 =4V
If V) =5V/um,
L=V,/V)=(4)/(5e6) = 800 nm

Answer

Vi=4V
L = 800nm

Q8. Design the cascode amplifier of Fig. 1 to obtain g1 = 1mA/V and R, = 400k2. Use a 0.18-um
technology for which Vi, = 0.5V, V4 =5V /um and k!, = 400 uA/V?. Determine L, W/L, Vga, and
I. Use identical transistors operated at V,, = 0.2V, and design for the maximum possible negative
signal swing at the output. What is the value of the minimum permitted output voltage?

Vbbp
I
Vo
+
VGQO— + MQ
i
v; 0—— : My Ry = (gmare2)Tol
Ry = o0

Figure 1: cascode amplifier

Solution

gm1 = 2, 50, Ip = g1 * Vo /2 = (e — 3)  (0.2)/2 = 100 A
Ip = 100 pA

R, = (gm27102)7101

However, if we make ¢,,9 = g1 = gm and 7,1 = 752 = 1,, We can say that:

To = \/Ro/gm1 = 1/(400e3)/(1e — 3) = 20k
Since r, = 20 kQ:%,

L =1Ipx*r,/V) = (100e — 6) * (20e3)/(5e6) = 400 nm

L = 400nm

Im = \/ 2k, (W/L)Ip so that

W/L = g2,/(2kl, x Ip) = (le — 3)2/(2 * (400e — 6) * (100e — 6)) = 12.5
W/L=12.5

For maximum negative excursion at the output, we want the MOSFETSs to be biased so that each
transistor can reach Vpg = V,, = 0.2V.

Set Voo = Vi + Voo + Voo = (0.5) + (0.2) + (0.2) =09V

Vo =09V

Minimum output voltage will be:
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Vomin = 2% Vop = 2 % (02) =04V
V;)min =04V

Answers

Ip =100 uA
L =400 nm
W/L =12.5
Vas =09V
V;)min =04V
Q9. Design the circuit of Fig. 2 to provide an output of 100 uA. Use Vpp = 3.3V, and assume the
PMOS transistors to have 1,Co; = 60 uA V2, Vip = —0.8V, and |V4| =5V. The current source is
to have the widest possible signal swing at its output. Design for V,, = 0.2V, and specify the values

of the transistor W/ L ratios and of Vg and Vig4. What is the highest allowable voltage at the output?
What is the value of R,?

Vbp
A

Ve o—I My
Ves o—I M
- T

(9m37"03)7“o4

Figure 2: cascode PMOS source

Solution

Ips =1Ips=1Ip = 5pupCoq () V2

W/L = 2% Ip/(ppCos * V2,) = 2% (100e — 6)/((60e — 6) * (0.2)%) = 83.33
W/L = 83.33

For Vigy -

Vo = Vb — [Vipl = [Veul = (3.3) = |(<0.8)] - [(0.2)] = 2.3V

Vas =23V

For maximum swing:

VSDmin = ‘Vov’ =02V

so, Vp4 would be:

Vpa=Vpp — Vo = (3.3) = (0.2) = 3.1V

Vs must be:
Vas = Vs — [Vipl = [Vou| = (3.1) = [(=0.8)[ = [(0.2)| = 2.1V
Vos =21V

The highest allowable output will be:
Vomaz = VDD — |Vov| - |V;31;| =29V
Vomaz = 2.9V

From Fig. 2, Ry = (gm3703)T o4
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To3 = Tos =0 = |Val/|Ip| = (5)/](100e — 6)| = 50k
gm = [Ip|/(|Vov|/2) = [(100e — 6)/(|(0.2)[/2) = 1mA/V
Ry = gm * 72 = (le — 3) * (50e3)? = 2.5 MQ

R, = 2.5MQ)
Answers
W/L = 83.33
Vas =23V
Vs =21V
Vomaz = 2.9V
R, = 2.5 MQ

Q10. For Vpp = 1.8V and using I,.; = 100 pA, it is required to design the circuit of Fig. 3 to obtain
an output current whose nominal value is 100 pA. Find R if M; and Ms are matched with channel
lengths of 500nm, channel widths of 4 um, V; = 0.5V, and k!, = 400 uA/V2. What is the lowest
possible value for V,? Assuming that for this process technology the Early voltage is V) = 10V /um,
find the output resistance of the current source. Also, find the current change in output current
resulting from a 4+0.5V change in V,

Vbp
ITef $ R $IO
o0V,
Ip1 \LMI :_I I: My

Figure 3: NMOS current mirror
Solution

I, = ref — %kg(W/L)V;)Zv =

Voo = /2% L,/ (K}, * (W/L)) = /2 % (100e — 6)/((400e — 6) * ((4e — 6)/(500e — 9))) = 0.25V
Vps =Vas = Vi + Vo, = (0.5) + (0.25) = 0.75V

R = (Vop — Vas)/Ires = ((1.8) — (0.75))/(100e — 6) = 10.5k2
R =10.5k

The lowest V,, will be when

VDS2mz’n = ‘/;)U =025V

ro =V} * L/I, = (10e6) % (500e — 9)/(100e — 6) = 50k

ro, = 50 k(2

Alp = AV,/re = (0.5)/(50e3) = 10 uA

AID =10 ,U,A
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Answers

R =105k
VDS2min =025V

r, = 50 k(2
Alp =10puA

Q11. Consider the NMOS diff pair shown below with a common-mode input, Vo and Vpp =1V,
Vss = 1.1V, 1,Cop = 400 uA/V?2, (W/L)12 = 12.5, Vi, = 0.4V, Ip = 200 uA, Rp = 5kQ. In addi-
tion, the minimum voltage required across Ip is 0.2V so that the current source transistor creating
I does not leave the active region. Ignore channel length modulation.

Vbbb Vbp
Rp Rp
UD1 Up2
M, M,
I v e
Veur
1 Ip ]
—Vss

(a) For VC’M =0.1 V, find Vovl-; VGSL Vs, IDl and VDl
(b) What is the highest value for Vs such than no transistors leave the active region?
(c) What is the lowest value for Vips such than no transistors leave the active region?

Solution
(a) Ip; = Ig/2 = (200e — 6)/2 = 100 uA and using the active equation Ip = (pinCos/2)(W/L)(Vey)?,
we have

Vool = /(2% Ip1)/(11nCoz * (W/L)12) = /(2 * (100e — 6))/((400e — 6) * (12.5)) = 0.2V
Vast = Voul + Vin = (0.2) + (0.4) = 0.6 V

Vs = Veour — Vgs1 = (0.1) — (0.6) = —0.5V

Vb1 =Vpp —Ip1 * Rp = (1) — (100e — 6) * (5e¢3) = 0.5V

(b) As Vs increases, the current through M; remains constant so Vp; remains at 0.5 V. M; will go
into triode when the drain of M is one threshold below the gate of My, so the max gate voltage is
VCM’max =Vp1+ Vi = (0.5) + (0.4) =09V

(c) We are given Vog min = 0.2V as the minimum voltage required across the current source, Ip. As
Vo decreases, Vg decreases with it and when Vg goes too low, the current source Ip will leave the
active region. This occurs at

VeMmin = —1% Vss + Vosmin + Vas1 = —1 % (1.1) + (0.2) + (0.6) = —0.3V



