Fundamentals of Analog & Mixed Signal VLSI Design
Exercise 1 (18.09.2024)

Christian Enz

Swiss Federal Institute of Technology (EPFL), Lausanne, Switzerland

Problem 1 Stacked transistors
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Figure 1: Stacked transistors.
1.1 Voltage V, as a function of transistor’s 3, and [,

Calculate the voltage V;, in circuit shown in Fig.[1] as a function of the betas (8; and f3,) of transistors and of the
thermodynamic voltage (in weak inversion) or the pinch-off voltage (in strong inversion), assuming:

» Both transistors are biased in weak inversion.

+ Both transistors are biased in strong inversion.
1.2 Channel voltage

If the transistors have the same width W, then
81 L

h = (1)
B2 Ly
and the circuit can be considered as a single transistor with length L = L; + L,. The channel voltage can then be
extracted at a fraction £ along the channel by the common source and drain diffusion of M. and M, respectively

_ L _ Be
Li+Lly Bi+0

(@)

Knowing that the current /, is due to diffusion of minority carrier, it is given by,
w dav
b= —g — Q- —
b=—p- @ ds

with & = x/L. Show that V,, is actually equal to the channel voltage along the channel V/(x).

Problem 2 The Vittoz current reference [1]

Fig. [2| shows the Vittoz current reference generating a current /, which for My and M; biased in weak inversion is
proportional to absolute temperature (PTAT) [1]. The bias current |, is available as a source current from Mg or a
sink current from Ms. Transistors M, and M, are assumed to be identical whereas M3 is made K-times larger than
M, (i.e. B3 = K - 31). All transistors are biased in saturation.
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Figure 2: The Vittoz current reference.

2.1 Weak inversion

Calculate the value of the current I, as a function of the transistor ratio K assuming that both M; and M; are in weak
inversion. Do the transistor M, and M, need to be in weak inversion as well?

2.2 Strong inversion

Calculate the value of the current I, as a function of the transistor ratio K assuming that both M; and M5 are in strong
inversion. Do the transistor M> and M, need to be in strong inversion as well?

Problem 3 The Oguey current reference [2]
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Figure 3: The Oguey current reference.

The resistor in the Vittoz current reference of Fig.[2|can actually be replaced by a transistor M; which is biased in the
linear region by making it A-times larger than My [2]. All other transistors are assumed to be biased in saturation. M
and M5 are biased in weak inversion, whereas M; and My are biased in strong inversion. Find the expression of the
bias current /, in terms of ratios K and A and the specific current lspecq 0f My and Ispecy of M.
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Solutions to Exercise 1 (18.09.2024)

Problem 1 Stacked Transistor

1.1 Voltage V as a function of transistor’s 3; and (.
1.1.1 Both transistors in weak inversion

Both transistors M; and M, share the same gate and have therefore the same gate voltage Vg = Vg = V. They
have therefore also the same pinch-off voltage Vpy = Vpo = Vp and slope factors ny = n, = n. Transistor M, is in
saturation because Vpp = Vg = Vo > Ur. However, M, is in the linear region because Vpy = V), = Vg — Vo which
is only slightly larger than zero. If both transistors are in weak inversion (Ips = Ipa < Ispec), the current going through
both transistors is then given by

v —v,
Ipt = Ispect 'eui'; : (1 - eTTb> ) (4a)

Vv —V -V
Ip2 = /specz 'euii : (GTTD —€ UTDZ) ) (4b)

where lspect = 2031 U2 and Ispeco = 2nB2U2 with By £ uCoxW/Ly and B2 £ puCox W/Ls. In saturation Vpp > U
and we have

v —v
Ipt = lspect - €1 - (1 —eur ) ) (5a)
v %
Ip2 = IspecZ -evr e U, (5b)
Since Ipy = Ips, we have
Y Y%
Ispect - (1 —evur ) = lspeco - € U7, (6)

from which we obtain the bias voltage V,,
I
Vb=UT~ln<1+Spe°2>. 7)
spec

Since both transistor have the same pinch-off voltage, they also have the same slope factor n. can then be

simplified as
Vb=UT-In<1+BZ>=UT~In<1+L1>, (8)
B4 Ly

From (8), we see that the bias voltage V,, does not depend on the current /p, but only depends on the channel length
ratio.

1.1.2 Both transistors in strong inversion

Again, both transistors M; and M, share the same gate and have therefore the same gate, pinch-off voltages and
slope factors Vg1 = Vg = Vg, Vp1 = Vpo = Vp and ny = n, = n. Transistor M. is in saturation because Vpy, = Vg =
n-Vp+ Vrg > Vpsince Vg > 0 and n > 1. However, transistor M; cannot be biased in saturation. If it would be
in saturation then Vp1 = Vso > Vp, which is contradiction with the fact that M, is in saturation and hence Vs < Vp.
The drain currents of transistors M; and M, are then given by

b1

Ip1 = 5 [VE— (VP — V)], (9a)

n
L A (9b)

By equating the currents Ipy = Ipz = Ip, we obtain
Br- [V — (Ve — Vo)?] = B2+ (Vo — V)2, (10)
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or
B VB =(B1+5) (Vo — V)2, (11)
and
VeV . Vb o
Ve =1 Ve \ Bi+ 8 (12)

Finally we obtain the channel voltage as

B Ly
vb=vp-<1—,/51+52>=vp-<1—,/L1+L2>. (13)

1.2 Channel voltage in weak inversion

The current in weak inversion is a diffusion current given by

daqQ;
dx

/D=W'pJn'UT' (14)

Since the current is constant along the channel, the inversion charge Q;(x) is a linear function of the position and
since transistor M is in saturation we have Qi(x = L) = Qjp = 0. It follows that

X
Q) =Qs- (1-7)=0Qs-(1-8), (15)
where Qs = Qi(x = 0) and £ = x/L. The drain current can then be written as
Q.
/D=—W-u,,~UT-T'S. (16)

The current is also given as a function of the channel voltage V by

dv w dv
lo=un‘W-(—Oi)‘d7=/~tn-T~(—Qf)'E (17)
Replacing Q; in by (15), results in
w dv
ID=Nn'T'(_QiS)'(1_f)'E (18)
Equating to (16), leads to
dv
(1*£)~E=Ur, (19)
and Y U
.
- = 2
d¢ 1-¢& (20)
which can be integrated from £ = 0 (x = 0) to £ (x), leading to
V() — V(§=0) =—Ur-In(1 —g). (21)
But V(¢ =0) = Vs = 0 and hence
X
V(E)=—-Ur-In0 —¢& =—-Ur-In <1 _Z)' (22)
Now,
X Ly B2 (23)

L Ly + L B Bi+ B2’
and therefore

Ly Lo Ly Ba
=V(x=L)=—Ur-In{1- =—Ur-I Ur-n(1+ ) =Ur-in(1+22), (24
Vo= V(x=Ly)=—Ur n< L1+L2> Ur n<L1+L2> Ur n( +L2> Ur n( +61> (24)

which is identical to (8). Therefore, in weak inversion, the voltage V,, at the intermediate node between M; and M is
equal to the channel voltage V at position x = L.
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Problem 2 The Vittoz current reference [1]

2.1 Weak inversion

Both transistors M; and M; share the same gate and have therefore the same gate voltage Vg1 = Vgz = V. They
have therefore also the same pinch-off voltage Vp; = Vp3 = Vp and the same slope factor ny = n3 = n. Assuming
that transistors M; and M5 are biased in weak inversion and in saturation, we have
ﬁ
Ipt = lspect - €77, (25a)

Vp—Vg

Ips = Ispecz - € U1, (25b)

where lspect = 2081 U2 and Ispecs = 2033 U2 with B3 = K - B1. Assuming a perfect matching between transistors M,
and M5 and between M, and M,, we have Ig = |1 = k, resulting in

ot = lwecs s _ (26)
/spec1 ﬂ1
and hence
Vg = Ur - In(K) 27)
and U
Ip =1y = ﬁT - In(K). (28)

This circuit provides a reference voltage Vg proportional to absolute temperature or PTAT. The temperature depen-
dence of the reference current I, depends on the temperature dependence of the resistance R. So the reference
current I, is PTAT only if the resistance R can be considered as temperature-independent.

2.2 Strong inversion

As above, both transistors M; and M; share the same gate and have therefore the same gate voltage Vg = Vg = Vg,
pinch-off voltage Vpi = Vp3z = Vp and slope factor ny = n3 = n. Assuming that transistors M; and M5 are long-channel
transistors biased in strong inversion and in saturation, we have

ot = I = ”7/31 V2, (292)
n
s = "2 (Vi — V2. (29b)

2

Assuming a perfect matching between transistors M; and M3 and between M, and M,, we have Ig = Ip1 = Ips,
resulting in

Ve = VK- (Ve — Vg) (30)
and JK K
K K
Vo= —~—— - Vg= —~—— R In. (31)
VK -1 VK -1
Introducing into (29a) and solving for /5 results in
2
la=lp=——— (VK —1)2 32
h=lb= g (VK1) (32)
and 5
Va= ——— - (VK — 1)2
=g VK- (33)

The current reference in strong inversion is actually set by 1/(8; - R), which is strongly technology dependent.

2.3 General Remark

Note that if the current I, is used to bias another n-channel transistor with factor 5 and operating also in saturation
with the same level of inversion than transistor Mz, its source transconductance G is then inversely proportional to

R according to
B
Gms = 5 (34)
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where factor B is given by

In(K) in weak inversion
B-= (35)
2. 1/% - (V'K — 1) in strong inversion.

and is to first-order independent of the technology and of the temperature.

Problem 3 The Oguey current reference [2]

From [Problem 2|we get Vg = Ur - In(K). Since M; and My share the same gate voltage Vg7 = Vg = Vi they also
have the same pinch-off voltage Vp7 = Vpg = Vp. Assuming M;-My are biased in strong inversion with M; in the

linear region and My in saturation, we can write
Ve \? Ve — Va2
— " , 36a
(2UT> ( 2Ur (362)

Ve \?
I = Ipg = lspeco - <2Ur) . (36Db)

Ib = /D7 =A- /specg .

Solving and (36b) for /, results in

2
A-InK\? 1
Ip = lspecs - 5 B I Y al - (37)

We see that the bias current [, is now proportional to the specific current of My. If A can be made much larger than
1, reduces to

Ip = lspeco - (A-INK)?  for A> 1. (38)
Since lspec7 = A - Ispeca, Ip is also proportional to lspecr
Ip = lspec7 - A~ (INK)?  for A>> 1. (39)

This circuit provides a current which is proportionnal to the specific current lspeco 0f My Or Ispec7 0f My, This allows to
set the inversion coefficient of a given transistor. Say we want to set the inversion coefficient of transistor M, to IC.
We can then use a multiple N of the bias current |,

Ipx = lspecx * ICx = N - Ip = N - Ispec7 - 1C7 (40)
which leads to c,
Ispecx = N+ Ispec7 * c. (41)
or
s 15 = N b 2 1o (42)

The aspect ratio W/L of My is then given by

W, W, IC,
=N L. 43
Ly L; IC, “3)

Choosing the aspect ratio to W, /L, given by and knowing /C; and W /L7 will set the inversion coefficient to the
desired ICy.
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