Chap. 3 Single-Stage Amplifiers

i »  Figure 3.1 Input-output characteristic
X4 X2 x of a nonlinear system,

approximation, and higher order terms are insignificant. In other words, Ay = uiAx,
indicating a lincar relationship between the increments at the input and output. As x(r)
increases in magnitude, higher order terms manifest themselves, leading to nonlinearity
and necessitating large-signal analysis. From another point of view, if the slope of the
characteristic (the incremental gain) varies with the signal level, then the system is nonlinear.
-E These concepts are described in detail in Chapter 13.
E What aspects of the performance of an amplifier are important? In addition to gain and
i'. o speed, such parameters as power dissipation, supply voltage, liqgan'ty, noise, or maximum
i ogh voltage swings may be important. Furthermore, the input and output impedances determine
3 52 how the circuit interacts with preceding and subsequent stages. In practice, most of these
- parameters trade with each other, making the design a multi-dimensional optimization
problem. Illustrated in the “analog design octagon” of Fi 8- 3.2, such trade-offs present many
. challenges in the design of high-performance amplifiers, requiring intuition and experience
£ . to arrive at an acceptable compromise. - - v #
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- 3.2 Common-Source Stage

| A 3,21 Common-Source Stage with Resistive Load

_'Ey virtue of its transconductance, a MOSFET converts variations in it,s,gu(t:;sgu,r,c.uollagc
S :,w'!:ﬁi_gﬂa}.ﬂd!?iﬂ 1_current, y_v'hjgl;yg:_nﬂripass through a resistor to_generate an output
e ST TR IS .~.—‘-::;-wonagc_: Shown in Fig. 3.3(a), the common-source (CS) stage performs such an operation.
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Figure 3.3 (a) Common-source stage, (b) input-output characteristic, (c) equivalent
circuit in deep triode region, (d) small-signal model for the saturation region.

We study both the large-signal and the small-signal behavior of the circuit. Note that the
input impedance of the circuit is very high at low frequencies.
~ If the input voltage increases from zero, My is off and Vour = Vpp [Fig. 3.3(b)]- As Vin
approaches Vry, M) begins to turn on, drawing current from Rp and lowering Vour. If Vpp
is not excessively low, M; turns on in saturation, ar)‘g \_yeélavc
\/0.“ (L rul :Wﬂﬁ -i\_"', p" g p
Vou = Vo =R 5 #nCox - (Vin Ve, . (33)

— "

where channel-length modulation is npglected. With further increase in V;,, V,,, drops more
and the transistor continues o operate in saturation until V;, exceeds Vow by Vry [point A
e i ——————

- in Fig. 3.3(b)]. At this point, ey

- 1 1% ;
# Viny = Y = Vop — Rop iuncox—i(\ﬁ;p! = V), (34)
from which Vi, — Vry and Lence V,,, can be calculated.
»« For V;,, > Vin1, M) is in the triode region: ‘
f_ ' 1% .
‘./oul = YDD > R{)'z'l‘n Coi T [2( V',-,,‘ -‘V"'[{)":‘),,, — Vozutl 3 (35) *‘ :
\\_)Ct"’* |
b} /
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Example 3.1

Chap. 3 Single-Stage Amplifiers

If V;y is high enough to drive M) into deep triode region, V., <« 2(Vi, — Vry), and, from

the equivalent circuit of Fig. 3.3(c),
RO" -
= st 3.6
Vout Voo Ron + Rp (3:6)

i L
o= DD (37)

w .
1 +unCox-L—Ru(Vm = Vru)

Since the transconductance drops in the triode region, we usually ensure that V,,, >
Via = Vra, operating to the left of point A in Fig. 3.3(b). Using (3.3) as the input-output
characteristic and viewing its slope as the small-signal gain, we have:

Vi
/tv = ﬁ/&i / L (3.8)
= A& X, V) (3.9)
_». n O-XL*I"I ‘T"}i//. A

s o (3.10)

This result can be directly derived from th# observation that M; converts an input volt-
age change AV;, to a drain current change g,, AV;,, and hence an output voltage change
—8&mRp AVip. The small-signal model of Fig. 3.3(d) yields the same result.

Even though derived for small-signal operation, the equation A, = —g, Rp predicts
certain effects if the circuit senses a iarge signal swing. Since g, itself varies with the
input signal according to g, = u, Cox(W/L)(Vgs — Vrpy), the gain of the circuit changes
substantially if the signal is large. In other words, if the gain of the circuit varies significantly
with the signal swing, then the circuit operates'in the large-signal_mode. The dependence
of the gain upon the signal level leads to nonlinearity (Chapter 13), usually an undesirable
effect. «

A key result here is that to minimize the nonlinearity, the gain equation must be a weak
function of signal-dependent parameters such as &m. We present several examples of this
concept in this chapter and in Chapter 13.

* Sketch the drain current and transconductance of M, in Fig. 3.3(a) as a function of the input voltage.

Solution

The d@n current becomes significant for V;, > Vrp, eventually approaching Vpp/Rp if Rony «
‘b [Fig. 3.4(a)). Since in saturation, g,, = p, Cox(W/L)(Vin — Vra), the transconductance begins

to rise for V;, > Vru. In the triode region, gm = pnCox(W/L)Vps, falling as V;, exceeds Vinl
[Fig. 3.4(b)).

HQW do we maxirnize the voltage gain of a common-source stage? Writing (3.10) as

W Vv
Ay =~ 2ﬂnC0xTID7ﬂ)" @.an
~ D
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where Vgp denotes the lelagc drop a'c;réé_s Rp, we have

. , 1

WYV,

22 (3.12)

Av — 2#"ng_ll—71_.;.

Thus, the magnitude of A, can be increased by increasing W/L or Vgp or decreasing Ip if y
other parameters are constant. It is important to understand the trade-offs resulting from this
equation. A larger device size leads to greater device capacitances, and a higher Vgp limits
the maximum voltage swings. For example, if Vpp — Vrp = Vin — Vrn, then M,isatthe {
edge of the triode region, allowing only very small swings at the output (and input). If Vzp
remains constant and Ip is reduced, then Rp must increase, thereby leading to a greater q
time constant at the output node. In other words, as noted in the analog design octagon,
the circuit exhibits trade-offs between gain, bandwidth, and voltage swings. Lower supply

voltages further tighten these trade-offs. L ¢
For large values of R psthe effect of channel length modulationin M, becomes significant.
Modifying (3.4) to include this effect, P - \
1 W ' ’/ \ AT .‘\
Vaql = Vpp = RpzunCox —(Vin — VTH)Y-(“rH"Jl‘VouL)y (3.13)
2 L . . \ v A X e
R o T ;,,o—‘“;::;..—-——--)i\
we have o
= ™ m~_ ]
v, W \ -
= = "EDi“nCax—'(Vg'n - VT(() 1 + AV
‘ A W B,
~Rp=paCo.—(Vin — 2t 3
! p5HaCo P (Via )VTH)I v, (3.14)

!

Using the approximation /p % (1/2)ptaCoi{ W/L)( \474} 12, we obtain:
A, = ""R[jé-'m ""‘R[)’IDAI/M' '
i R
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and hence

Auc-'

Po
830 L. e . LA

T Ruplp, ,/ = ‘,‘l 4 ’?Q)Z '/n)

Since Ay =1/rq,
\__’_‘_1~.

v = '6“'"’_0 44'8,’)'

The small-signal model of Fig. 3.5 gives the same result with much less effort. That is, since

(3.17)

- TRa————
Y

v —0 Wout
b- 3 -
g %RD' ~ Figure 3.5 Small-signal model of CS =
N L ] stage including the transistor output re- .
f L3 sistance. :
i A
¥ 8mVi(rollRp) = Vo, and W V,,, we have V. / Vi, = —8n(rollRp). Note that, as
? mentioned in Chapter 1, V,,, V1, and V,,; in this figure denote small-signal quantities. E
3’ Example 3.2 :
| ‘ g ) d
5 Assuming M, 1in Fig. 3.6 is biased in saturation, calculate the small-signal voltage gain of the circuit. =
{ e
i e
; =~
: b
. -
‘; Figure 3.6
Solution :
' Since / introduces an infinite impedance, the gain is limited by the output resistance of M, : .
| A= —gmro. (.18) &
Called the “intrinsic gain” of a transistor, this quantity represents the maximum voltage gain that can & 3
be achieved using a single device. In today's CMOS technology, g,ro of short-channel devices s &
between roughly 10 and 30. Thus, we usually assume | /&m L ro.
In Fig. 3.6, Kirchhoff’s current law (KCL) requires that Ip) = I). Then, how can Vin change the
current of My if /; is constant? Writing the total drain current of M as
1
" Ip= 5HnCox(Vin = Vi )21+ AVpy) (3.19)
=1, ' (3.20)
. D T . PRSI, Rsax . 15
' .
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Sec.32  Common-Source Stage

we note that V;,, appears in the square term and Vo in the linear term. As Vi, increases, V,,, must
decrease such that the product remains constant. We may nevertheless say “Ipg increases as V.
increases.” This statement simply refers to the quadratic part of the equation.

3.2.2 CS Stage with Diode-Connected Load

In many CMOS technologies, it is difficult to fabricate resistors with tightly-controlled

values or a reasonable physical size (Chapter 17). Consequcntly. it is desirable to replace
Rp in Fig. 3.3(a) with a MOS transistor.

A MOSFET can operate as a small-signal resistor 1f its gate and drain are shorted
[Fig. 3.7(a)]. Called a “diode-connected” device in analogy with its bipolar counterpart,

L
vy 'ﬁ)gmvt =,

(b)

Figure 3.7 (a) Diode- connected NMOS and PMOS devices, (b) small-
signal equivalent circuit.

. (@)

g

this configuration exhibits a small-signal behavior similar to a two-terminal resistor. Note
that the transistor is always in saturation because the drain and the gate have the same
potential. Using the small-signal equivalent shown in Fig. 3.7(b) to obtain the impedance
of the device, we write V) = Vy and Ix = Vx/ro + gm Vx. That is, the impedance of the

diode is simply equal to (1/gm)llro = 1/gm. If body effect exists, we can use the circuit in
Fig. 3.8 to write-V; = —Vy, V,,, = —Vx and

3 |||——+ B

(a)

(b)

Figure 3.8 (a) Arrangement for measuring the equlvalcnt resistance of a diode-
connected MOSFET, (b) small-signal equivalent circuit,

i

A

h-‘.
L3

%
(8m + gmp)Vx + L3 = Iy.
ro
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It follows that
Vi1 3.2%
IX - - . + p =1 ¢
' 8 l&mh‘{ ro (3'23)
- lro
8m + Emb A'
oS 1 . ~(3'¢ )
8m + 8mb ’ '
cludéd‘

Interestingly, the.impedance seen at the source of M,.is lower when body effect is1n
Intuitive explanation of this effect is left as an exercise for the reader. ) negl"

We now study a common-§ource Stage with a diode-connected load (Fig. 3.9).. Fo anC &
gible channel-length modulation, (3.24) can be substituted in (3.10) for the load impe
": M2 e
t+— Vou
vln °_l M,
L Figure 3.9 CS stage with diode-
. connected load.
yielding
| Ay = ~8mi 1 - (3'25)
8m2 + Emb2
=_8m 1 (3.26)
8m2 1 + n’

where n = gmp2/8gma- Expressing 8m1 an

d ions and bid®
H . 'menSl
currents, we have &m2 in terms of device di

Ay = ~ Y2l WDy Tp; | 327

HnCox(W/LY,Ip2 1 + 1’

Ay = - \/@ ! (3.28)
Y W/Ly, 149

and, since lDl = lDZv

[ g prOpeny if o tput voltag
: the v the outp
is ne%lectl;d, thle gain is independent of (e bias c:ne;rsl ?;Tinv?){t;’g:s":‘so long as M stay*
in saturation). In other words, as the input and output signal levels vary, the gain remain® >

relatively constant, indicating that the input
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The linear behavior of the circuit can also be confirmed by.large-signal analysis. Ne- ,,«
glecting channel-length modulation for simplicity, we have in Fig. 3.9

.

W 2 o

%ﬂncox (%) (Vm = VT}“)Z_ = %“ncox (—L—) (VDD = Voul - VTHZ) y (3.29) o
[ 2 .

(Z) Vin = Vrm) = (z) (Voo = Vour — VrH2)- (3.30)
VAL V\Z), 4

Thus, if the variation of Vry, with V,,, is small, the circuit exhibits a lincgr input—ou.tput
characteristic. The small-signal gain can also be computed by differentiating both sides

[
[~
¢
with respect to V;,: ‘ ,
[
o
(€

and hence

(z) _ (z) (_avour _ aVTH2) (331)
L 1 - L 2 avul an ‘

which, upon application of the chain rule 3Vry2/3Vin = (3Vr#2/3 Vour)(@ Vour /3 Vin) =

v

n(3Vou: /3 V;n), reduces to

AVin \/ (W/Ly, 141’ '
‘ | €

It is instructive to study the overall large-signal characteristic of the circuit as well. But
let us first consider the circuit shown in Fig. 3.10(a). What is the final value of Vour if I} drops c .
to zero? As /) decreases, so does the overdrive of M,. Thus, for small /;, Ves2 = Virya
and Vo = Vpp — Vrya. In reality, the subthreshold conduction in M, eventually brings
Vour 10 Vpp if I'p approaches zero, but at very low current levels, the finite capacitance at ‘
the output node slows down the change from Vpp — Vypys to Vpp. This is illustrated in
the time-domain waveforms of Fig. 3.10(b). For this reason, in circuits that have frequent t
switching activity, we assume V,,, remains around Vpp — Vru2 when I, falls to small
values. |

Now we return to the circuit of Fig. 3.9. Plotted in Fig. 3.11 versus Vin, the output voltage c Y
equals Vpp — Vraz if Vin < Vrai. For Vi > Vi1, Eq. (3.30) holds and V., follows an
approximately straight line. As V;, exceeds V., + Vry, (beyond point A), M, enters the ‘\
triode region, and the characteristic becomes nonlinear.

The diode-connected load of Fig. 3.9 can be implemented with a PMOS device as well,
Shown in Fig. 3.12, the circuit is free from body effect, providing a small-signal voltage ‘\

gain equal to
A —— l—ln(W/L)]
np(W/L),'

where channel-length modulation is neglected.
//‘




Chap. 3 Single-Stage Amplifiers

~Y

P
t
(a) )

Figure 3.10 (2) Diode-connected device with stepped bias current
(b) variation of source voltage versus time.

.

Vou §

Voo VYruz

Figure 3.11 Input-output characteris-

v v, tic of a CS stage with diode-connected
ol = load.
Voo
llg" ’
—0 VM
V'no—-l M1

Figure 3.12 CS stage with diode-
connected PMOS device.

Equations (3.28) and (3.33) indicate that the gain of a common-source stage with diode-
connected load is a relatively weak function of the device dimensions. For example, to
achieve a gain of 10, Ha(W/L)/[1p(W/L);] = 100, implying that, with p, = 2u,, we
must have (W/L), =~ 50(W/L),.In asense, a high gain requires a “strong” input device and
a “weak™ load device. In addition to disproportionately wide or long transistors (and hence
a large input or load capacitance), a high gain translates to another important limitation:
reduction in allowable voltage swings. Specifically, since in Fig. 3.12, I, = I1pal,

4 2 W 2
a5 ) Vesi = Vrm) = pp | — | (Vgsa = Veur)?, (3.34)
L/, L/,
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revealing that

WVos2 = Vol 4 | (3.35)
Vos1 — Vrui

In the above example, the overdrive, voltage of 'Mz' must be, 10 times.:h'a:, of M,. For
example, with Vgs; — Vra = 200 mV, and [Vr42l| = 0.7 V, we have |Veszl = 2.7V,
severely limiting the output swing. This is another example of the trade-offs suggestefj by
the analog design octagon. Note that, with diode-connected loads, the swing is constrained
by both the required overdrive.voltage and the threshold voltage. That is, even with a small
overdrive, the output level cannot exceed Vpp — \Vral.

An interesting paradox arises here if we write gm = uCox(W/L)\Vgs — Vrul. The
voltage gain of the circuit is then given by

A,, i E,.,,_] (336)
8m2
_ 1aCox(W/L)1(VGs1 — Vra) (3.37)

" upCox(W/La\Vs2 — Vraal’

~

Equation (3.37) implies that A, is inversely proportional to |Vgs2 — Vra2l. It is left for the
reader to resolve the seemingly opposite trends suggested by (3.35) and (3.37).

Example 3.3

In the circuit of Fig. 3.13, M) is biased in saturation with a drain current equal to /;. The current
source Is = 0.751 is added to the circuit. How is (3.35) modified for this case?

Solution
Since |Ip3| = I;/4, we have

Ay lmt (3.38)
8m2
4pun(W/L)
Y v el 2 1) 3.39
V W/, G2
Voo

R
1 out

.Vln ﬁﬁ‘ Iy

- Figure 3.13
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Moreover,

w
Itn (‘I_V') (Vast = Vrui)® = 4p, (T) (Vosz = Vrua), (3.40)
a l of 2

yielding

IVgs2 = Vrual 4

Ay (3.41)
Vesi1 = Vrm 4

Thus, for a gain of 10, the overdrive of M2 need be only 2.5 times that of M. Altematively._fgra give'n
overdrive voltage, this circuit achicves a gain four times that of the stage in Fig. 3.12. Intuitively, this
is because for a given |Vgs2 — Vrpz2), if the current decreases by a factor of 4, then (W/L); must
decrease proportionally, and gm2 = /21 pCox(W/L)z Ip3 is lowered by the same factor.

We should also mention that in today’s CMOS technology, channel-length modulation
is quite significant and, more importantly, the behavior of transistors notably departs from
the square law (Chapter 16). Thus, the gain of the stage in Fig. 3.9 must be expressed as

1
Ay = —gm (—llroxllroz) " (3.42)

m2

where g,,; and g,,» must be obtained as desc;ibed in Chapter 16.

3.2.3 CS Stage with Current-Source Load

In applications requiring a large voltage gainina single stage, the relationship A, = —g. Rp
suggests that we increase the load impedance of the CS stage. With a resistor or diode-
connected load, however, increasing the load resistance limits the output voltage swing.

A more practical approach is to replace the load with a current source. Described briefly
in Example 3.2, the resulting circuit is shown in Fig. 3.14, where both transistors operate in
saturation. Since the total impedance seen at the output node is equal to ro, ||r o2, the gain is

Voo
Vout
Vino—{ M,
Figure 3.14 CS stage with current-
< source load.
A= "'gml(rOI ||r02)- (3.43)

The key point here is that the output imped

ance and the minimum required |Vps| of
M are less strongly coupled than the value

and voltage drop of a resistor. The voltage
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|Vosz.minl = |Vas2 — Vrual can be reduced to even a few hundred millivolts by simply
increasing the width of M. If ro2 is not sufficiently high, the length and width of M; can be
increased to achieve a smaller A while maintaining the same overdrive voltage. The penalty
'is the large capacitance introduced by M at the output node.

We should remark that the output bias voltage of the circuit in Fig. 3.14 is not well-
defined. Thus, the stage is reliably biased only if a feedback loop forces V,u to a known
value (Chapter 8). The large-signal analysis of the circuit is left as an exercise for the reader.

As explained in Chapter 2, the output impedance of MOSFETs at a given drain current
can be scaled by changing the channel length, i.e., to the first order, A o 1/L and hence
ro o« L/Ip. Since the gain of the stage shown in Fig. 3.14 is proportional to o1 lro2, we
may surmise that longer transistors yield a higher voltage gain.

Let us consider M, and M separately. If L) is scaled by a factor a (> 1), then W, may
need to be scaled proportionally as well. This is because, for a given drain current, Ves1 —
Ve o 1//(W/L), ie., if W, is not scaled, the overdrive voltage increases, limiting the

output voltage swing. Also, since gm1 & +/W/L), scaling up only L lowers gm1-
In applications where these issues are unimportant, W, can remain constant while Ly

increases. Thus, the intrinsic gain of the transistor can be written as

’ w 1
gmirol = 2 (“E’)l l‘-nc-oxlvmo (3.44)

strongly on L than gm

increases with L because A depends more
decreases as Ip increases.

g W constant increases ro
uired to maintain M, in saturation.

indicating that the gain
does. Also, note that g=ro

Increasing L2 while keepin
at the cost of higher |Vps2| req

, and hence the voltage gain, but

3.2.4 CS Stage with Triode Load
i ing i i i istor and can therefore serve
A MOS device operating in deep triode region behaves as a {esxs‘ '
as the load in a CS stage. [llustrated in Fig. 3.15,such a cxrcunt. biases the gate of M2 at
a sufficiently low level, ensuring the load is in deep triode region for all output voltage

swings.
Voo - VYoo
M =Ry |
Y Voii S = Vou |
Vin o[- M1 Vino—l= M1

Figure3.15 CSstage withtriodeload. ALY
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Since

1

, 3.45
iy Cor(W /L1 (VoD — Vo — VraeD e

RMZ -

the voltage gain can be readily calculated.

The principal drawback of this circuit stems from the dependence of Ronz upon st Cox, Vs,
and Vrgp. Since 2, Cox and Vg p vary with process and temperature and since generating
a precise value for Vj requires additional complexity, this circuit is difficult to use. Triode
loads, however, consume less voltage headroom then do diode-connected devices because
in Fig. 3.15 Vour.max = Vpp whereas in Fig. 3.12, Vour,max = Voo — |Vrurl.

3.2.5 CS Stage with Source Degeneration

In some applications, the square-law dependence of the drain current upon the overdrive
voltage introduces excessive nonlinearity, making it desirable to “soften” the device charac-
teristic. In Section 3.2.2, we noted the linear behavior of a CS stage using a diode-connected
load. Alternatively, as depicted in Fig. 3.16, this can be accomplished by placing a “degen-
eration” resistor in series with the source terminal. Here, as V;,, increases, so do Ip and the

(b)

Figure 3.16 CS stage with source degeneration.

voltage drop across Rs. That s, a fraction of V;, appears across the resistor rather than as the
gate-source overdrive, thus leading to a smoother variation of /p. From another perspective,
we intend to make the gain equation a weaker function of gm. Since Vour = —IpRp, the
nonlinearity of the circuit arises from the nonlinear dependence of Ip upon Vi,. We note that
8Vow/3Vin = —(31p /8Vin)Rp, and define the equivalent transconductance of the circuit

as G = 31p/3Vin. Now, assuming Ip = f(Vgs), we write

alp.

= 4
Gm Ve (3.46)
= b 8Vs (3.47)

ey ey vl

Sida g .k

st

i e e
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Since Vgs = Vin = IDRs, we have dVgs/OVin = | — R¢d1r/dV,,, obtaining

alp\ af
N = (1 i sav,-") Vs’ G2
But, 3f /3 Vgs is the transconductance of M,, and
Em
Gp=—"—. (3.49
1+ gmRs )

The small-signal voltage gain is thus equal to

A, = -GnRp (3.50)
_ngD '

= — 3.51

1+ gmRs ’ ( )

The same result can be derived using the small-signal model of Fig. 3.15(b). Equation
(3.49) implies that-as Rs increases, G, becomes-a weaker function of g, and hence the
* drain current. In fact, for Rs > 1/gm, We have G, ~ 1/Rs, ie., Alp = AVia/Rs,
indicating that most of the change in V;, appears across Rs. We say the drain current isa
“linearized” function of the input voltage. The linearization is obtained at the cost of lower

gain [and higher noise (Chapter 7)].

louwt
= a1t
+ -t
”5 Qa0 st
Rsg 3 : x
: Figure 3.17 Small-signal equivalent

circuit of a degenerated CS stage.

For our subsequent calculations, itis useful to determine G, in the presence of body effect
and channel-length modulation. With the aid of the equivalent circuit shown in Fig. 3.17,
we recognize that the current through R equals lou and, therefore, Vin = VI + Iut Rs.
Summing the currents at node X, we have

Il

I, Rs
i' Low = gmVi — gmbVX — —— (3.52)
: ro
LuR
= on(Vin = LourRs) + Emb(—Tou Rs) = —70—5 (3.53)
It follows that |
Lour (354) O

G e
" Vl n

(3.55):

. Emro .
Rs + “ + (gm + gmb)RS]rO
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urce F

67

AAA

Vin lout = Rout lout = Aout Rout

Figure 3.25 Modeling output port of an amplifier by a Norton equivalent.

Defining Gm = lout/ Vin, W€ have Vour = —GmVinRour- This lemma proves useful if G
and R, can be determined by inspection.

Example 3.6

Calculate the voltage gain of the circuit shown in Fig. 3.26. Assume o is ideal.

Solution
The transconductance and output resistance of the stage are given by Egs. (3.55) and (3.60), respec-
tively. Thus,

Emro
Ay = — [14(gm + 8mb)rolRs +r 3.74
v Rsﬂ—[l ¥ @m +8mb)RS]"0{ gm T 8m olRs o} ( )

= gl (3.75)

Interestingly, the voltage gain is equal to the intrinsic gain of the transistor and independent of Rs.
This is because, if Io is ideal, the current through R cannot change and hence the small-signal voltage
" drop across Rs is zero—as if Rs were zero itself.

llower

Our analysis of the common-source stage indicates that, to achieve a high voltage gain with
limited supply voltage, the load impedance must be as large as possible. If such a stage is
to drive a low-impedance load, then a “buffer” must be placed after the amplifier so asto
drive the load with negligible loss of the signal level. The source follower (also called the

~common-drain” stage) can operate as a voltage buffer. —
Ilustrated 1n Fig. T27(a), the source follower senses the signal at the gate and driv g
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)]
Figure 3.27 (a) Source follower, and (b) its input-output charac-

teristic.

the load at the source, allowing the source potential to “follow” the gate voltage. Beginning
with the large-signal behavior, we note that for V;, < Vry, M, is off and V,,, = 0. As Via
exceeds Vru, M, tumns on in saturation (for typical valueés of Vpp) and Ip; flows through
Rs [Fig. 3.27(b)]. As V;, increases further, V,,, follows the input with a difference (level
shift) equal to V5. We can express the input-output characteristic as:
, ; :?3 . ﬁ, & \/J(..?'
1 w N ™), 9
3#nCor == (Vin ™ Vi — VaigIRs = Vo (3.76)

) e ool S Ay

—

Let us calculate the small-signal gain of the circuit by differentiating both sides of (3.76)

with respect to V;,: (( B (f\ J') dN\jc’%\:) 20th S1A€E!

| W oV aV, av,,
;uncox.—,z(vin = Vra = Vouf) (1‘ e A L .pur) RS == ‘.- (_3‘77)

Ll

oy T Wi 3V Vs
. » NoVats T /
Since V7 /0Vin = 18Vour/3Vin, i (L
v‘—’\\ i -~ { Ry S
= w ) \
/9 Vo}\ I‘L"COI‘_L_(VM s VT‘H — Vour)Rs
Z "’/= —= - i (3.78)
L0V, W :
* ~ 4,' 1 'l"ll-ncox'_(vin - VTH = Vour)RS(l " ’l) i
L ———— L-.; et — ! » “";__,:_:*.‘..“‘;"‘
\/ J — ¥
{ \ /
Also, note that
‘W
8m = ﬂnCox 'Z(Vn - VTH . Vnut)- (3~79)

e,

 Consequently,

A, =
. :u . + (gn. + gmb)RS

P S T——— ¥
.

The same result is more easily obtained with the aid of a small-signal equivalent circuit.
From Fig. 3.28, we have V;, — V| = V,.,, Vs = = Vou. and &mV\ = 8mb Vaur = Vour/ Rs.

8m Rs : )\/ ' (3.80)
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Figure 3.28 Small-signal equivalent
circuit of source follower
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Figure 3.29 Voltage gain of source
follower versus input voltage.

Thus, Veu:/ Vin = gnRs/[1 + (g + gmo)Rs]. _

Sketched in Fig. 3.29 vs. Vj;, the voltage gain begins from zero for V,, = Vg (that1s,
gm = 0) and monotonically increases. As the drain current and g increase, A, approaches
8 /(@m + 8mb) = 1/(1+17). Since n itself slowly decreases with Vour, A, would eventually
become equal to unity, but for typical allowable source-bulk voltages, 7 remains greater
than roughly 0.2. -

Animportant result of (3.80) is that evenif Rs = oo, the voltage gain of a source follower
is not equal to one. We return to this point later. Note that M, in Fig. 3.27 does not enter
the triode region if V;, remains below Vpp.

In the source follower of Fig. 3.27, the drain current of M heavily depends on the input
dc level. For example, if V;, changes from 1.5V to 2 V, Ip may increase by a factor of 2 and
hence Vgs — Vru by 4/2, thereby introducing substantial nonlinearity in the input-output
characteristic. To alleviate this issue, the resistor can be replaced by a current source as

ﬁ[;.:"t-shown in Fig. 3.30(a). The current source itself is implemented as an NMOS transistor

operating in the saturation region [Fig. 3.30(b)].

N gk

AN i
\ . (\, s Voo Voo
Vin e[S M, Vino—l[o M,
Vout Voul
,1 Vb 0——' 1M2
() (b)
Figure 3.30 Source follower using an NMOS transistor L p

as current source.
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Chap. 3 Single-Stage Amplifiers
Example 3.7

Suppose in the source follower of Fig. 3.30(a), (W/L), =
Wr =07V, MnCor = 50 uA/V?, and y =04V2

(a) Calculate V,,, for Vin=12V

(b)Y If 1y is implemented as M

20/0.5, 1y = 200 MA Vo =06V,

2 in Fig. 3.30(b), find the minimum value of (W/L); for which M,

remains saturated,
Solution
(a) Since the threshold voltage of M; depends on Vout, we perform a simple iteration, Noting
that
21
(Vin - Vru - Voul)2 = Dw ’ (3.81)
#nCox (Z)l

we first assume Vrg =06V, obtaining V,,, = 0.153 v, Now we calculate a new Vry as

Ve = Vrgo + Y(V2®F + Vsp — V20F)

=0.635V. (3.83)

This indicates that Vour is approximately 35 mV Jess than that calculated above, i.e., Vour = 0.119V.
(b) Since the drain-source volta

ge of M, is equal to 0.119 V, the device is saturated only if
(Vgs — Vre) <0119V, With Ip

= 200 uA, this gives (W/L), > 283/0.5. Note the substantial
drzin junction and vverlap capacitance contributed by M, to the output node.

equivalent circuit of Fig. 3.31(b)
and noting that Vi=—Vy, we write
Ix — gnVx - gmyVx =0 (3.84)
VDD ""‘ﬁ —{is
ac
i m, (. é> I © oo
| Ix
(a) (b) ()
Figure 3.31

Caleulation of the utput impedance of 4 source follower.

(3.82) °
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As explained in Chapter 7, source followers also introduce substantial noise. For this
rcason, the circuit of Fig. 3.39(b) is ill-suited to low-noise applications.

3.4, Common-Gate Stage

In common-source amplifiers and source followers, the input signal is applied to the gate of a
MOSFET. Itis also possible to apply the signal to the source terminal. Shown in Fig. 3.40(a),
a common-gate (CG) stage senses the input at the source and produces the output at the
drain. The gate is connected to a dc voltage to establish proper operating conditions. Note
that the bias current of M, flows through the input signal source. Alternatively, as depicted
in Fig. 3.40(b), M, can be biased by a constant current source, with the signal capacitively
coupled to the circuit. '

®

Figure 3.40 (a) Common-gate stage with direct coupling at
" input, (b) CG stage with capacitive coupling at input.

We first ‘study the large-signal behavior of the circuit in Fig. 3. 40(a) For simplicity, let
us assume that V;, decreases from a large positive value. For Vi, > Vp — Vry. M) is off
and V,,, = Vpp. For lower values of V;, we can write

1
2“’n

w
ID - Cox ‘z’(vb e Vin_‘- VTH)2~ (395)

if M, is in saturation. As V;, decreases, so does Vour, eventually driving M, into the triode

region if \,DD . J—D QD ¥ \/\/.:(3‘

i .
%D—;h (W—MW—WMRD—W—VM (3.96)

S

The input-output characteristic is shown in Fig. 3.41. If M, is saturated, we can express the
output voltage as n~
aleie Top PP

™ \(W ”
@} Voo — %l‘ncm%(vb - Vis — VrH)zRu‘ Q3. 975/\
| _V
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Common-Gate Stage o SRS D

(_\
obtaining a small-signal gain of

\{ Vb':VTH 'V| ~'Figure 3.41 Common-gate input-
. " output characteristic.
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Vi - 7‘ll~ncox‘z‘(vb , Vm : szH) < Vi D- { )
Since dVrg/dVin = aVTH/aVSB =7, we have ' V’L r\)
\V\
" J
aaV . e ﬂn ox—RD(Vb by m Y VT )(1 :F'Ti) W (\999)

(crx
- )J“ (3.100)

\py ,1 +Ro. ) |

Note that the gain is positive. Interestmgly, body effect mcreases the equivalent transcon-
ductance of the stage. '

“—The input impedance of the circuit is also important. We note that, for A = 0, the
impedance seen at the source of M in Fig. 3.40(a) is the same as that at the source of
M, in Fig. 3.31, namely, 1/(gm + &ms) = 1/[gm(1 + n)]. Thus, the bod effect decreases
the input impedance of mmte stage. The relatively low j impedance of the
common-gate stage proves useful in some applications.

Example 3.10

In Fig. 3.42, transistor M) senses AV and delivers a proportional current to a 50-§2 transmission line.
The other end of the line is terminated by a 50-S resistor in Fig. 3.42(a) and a common-gate stage in
Fig. 3.42(b). Assume A =y =0,

(a) Calculate V,,,/ Vin at low frequencies for both arrangements.

(b) What condition is necessary to minimize wave reflection at node X?

Solution

(a) For small signals applied to the gate of M|, the drain current experiences a change equal to
&m1 A Vx. This current is drawn from Rp in Fig. 3.42(a) and M; in Fig. 3.42(b), producing an output
voltage swing equal t0 —g,n1 AVyx Rp. Thus, A, = —g, Rp for both cases.

(b) To minimize reflection at node X, the resistance seen at the source of M2 must equal 50
and the reactance must be small. Thus, 1/(gm + gmp) = 50 Q, which can be ensured by proper
sizing and biasing of M. To minimize the capacitances of the transistor, it is desirable to use a small

devnee l?xased at a large current. (Recall that g, = /21t Cox(W/ L)1 p.) In addition to higher power ¢
dissipation, this remedy also requires a large Vg for M. ;
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Figure 2.20 Conceptual visualization of saturation and triode regions.
if Vp — Vg of a PFET is not large enough (< |Vrgpl), the device is saturated. Note that
this view does not require knowledge of the source voltage. This means we must know a
priori which terminal operates as the drain.
econd-Order Effects

Our analysis of the MOS structure has thus far entailed various simplifying assumptions,
some of which are not valid in many analog circuits. In this section, we describe -three

second-order effects that are essential in our subsequent circuit analyses. Other phenomena
appear in submicron devices are studied in Chapter 16.

Body-Effect In the analysis of Fig. 2.10, we tacitly assumed that the bulk and the source

of the transistor were tied to ground. What happens if the bulk voltage of an NFET drops
below the source voltage (Fig. 2.21)? Since the S and D junctions remain reverse-biased,

we surmise that the device continues to operate properly but certain characteristics may

EESNIANDResRU TS0y B
;/S{////W/////,/////////V,_é'

V,
p-substrate N~ 3 V<0

Figure 2.21 NMOS device with negative bulk voltage.

change. To understand the effect, suppose Vs = Vp = 0, and V5 is somewhat less thai
Vry_so that a depletion region is formed under the gate but no Inversion Ia

: yer exists. As

Vg becomes more negative, more holes are attracted to the substrate connection, leaving a
larger negative charge behind, i.e., as depicted in Fig, 2.22, the depletion region beco
wider. Now recall from Eq. (2.1) that the threshold voltage is a function of the total charge ;
In the depletion region because the gate charge must mirror Q. before an inversion lay




MR 3z g e

Chap.2  Basic MOS Device Physics

p—-substrate Qq4

p-substrate - Qq

Figure 2.22 Variation of depletion region charge with bulk voltage.

formed. Thus, as Vp drops and Q4 1 mc_lgs;s VrH/a.lso increases. This is called the “body
effect” or the “backgate effect.” ~ y :
It can be proved that with body cﬁV

Ve = Veng +)(V2Z®F + Vssl — VI2PF1) 222)

-

where Vryo is given by (2.1), y = +/2g9¢€,; N5,/ Cox denotes the body effect coefficient,
and Vg is the source-bulk potential difference [1]. The value of y typically lies in the range
of 0.3 t0 0.4 V172,

Example 2.3

In Fig. 2.23(a), plot the drain current if Vx varies from —00 t0 0. Assume Vrpo =06V, y = 04
V1/2 and 2¢fF =0.7 V.

Io
+#1.2V .—'I :
-
Vi Vx1 0 w
() (b)
Figure 2.23
s f,\
, Solution \

BoLrET Bl If Vy xs sufﬁclcn[]y negative, the threshold voltage of M) exceeds 1.2V and the device is off. That is,

s - o - L8 PR 12V =0.6+04 (/07 = Vx1 - V07), (2.23)



236 Chapter 6 * Designing Combinational Logic Gates in CMOS

6.1 Introduction

The design considerations for a simple inverter circuit were presented in the previous chapter.
We now extend this discussion to address the synthesis of arbitrary digital gates, such as NOR,
NAND, and XOR. The focus is on combinational logic or nonregenerative circuits—that is, cir-
cuits having the property that at any point in time, the output of the circuit is related to its‘currcnt
input signals by some Boolean expression (assuming that the transients through the logic gates
have settled). No intentional connection from outputs back to inputs is present.

This is in contrast to another class of circuits, known as sequential or regenerative, for
which the output is not only a function of the current input data, but also of previous values of
_ the input signals (see Figure 6-1). This can be accomplished by connecting one or more outputs

 intentionally back to some inputs. Consequently, the circuit “remembers” past events and has a

~ sense of history. A sequential circuit includes a combinational logic portion and a module that

 holds the state. Example circuits are registers, counters, oscillators, and memory. Sequential cir-
cuits are the topic of the next chapter.

-Thcre are numerous circuit styles to implement a given logic function. As with the
inverter, the common design metrics by which a gate is evaluated are area, speed, energy, and
power. Depending on the application, the emphasis will be on different metrics. For example, the
switching speed of digital circuits is the primary metric in a high-performance processor, while
in a battery operated circuit, it is energy dissipation. Recently, power dissipation also has
become an important concern and considerable emphasis is placed on understanding the sources
of power and approaches to dealing with power. In addition to these metrics, robustness to noise
and reliability are also very important considerations. We will see that certain logic styles can
significantly improve performance, but they usually are more sensitive to noise.

6.2 Static CMOS Design

The most widely used logic style is static complementary CMOS. The static CMOS style is
really an extension of the static CMOS inverter to multiple inputs. To review, the primafy advan-
tage of the CMOS structure is robustness (i.e., low sensitivity to noise), good performance, and

low power consu.mption with no static power dissipation. Most of those properties are carried
over to large fan-in logic gates implemented using a similar circuit topology.

In Out

State

(a) Combinationa]

- M Ty
Figure 6-1 High-level classification of logic cireuits o g
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