6.012 - Electronic Devices and Circuits
Lecture 14 - Linear Equivalent Circuits - Outline

 Announcements
Handout - Lecture Outline and Summary

e Review - Adding refinements to large signal models
Charge stores: depletion regions, excess carriers, gate charge
Active-length modulation: the Early effect
Extrinsic parasitics: Lead resistances, capacitances, and inductances

Small signal models
What are they good for?

e Linear equivalent circuits

pn diodes: linearizing the exponential diode
incorporating the charge stores

BJTs: linearizing the Ebers-Moll model
incorporating the charge stores
adding the Early effect and possible parasitics

MOSFETSs: linearizing the Gradual-Channel model
incorporating the charge stores
adding the Early effect and possible parasitics
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Circuit symbols:

e

PNP as frequently
oriented in circuits

oD oD oS 0S

Go—{<—oB Go—{—oB GO—‘HB Go—q—OB
13 oS oD oD

Linear schematics Digital schematics Linear schematics Digital schematics

n-channel pP-channel (usual circuit orientation)
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aturation

Output Al )
Characteristics
Forward Active Region
BJT: npn _ .
\ | ic = Be(T + Avee)ig
/

Linear

or j
MOSFET: " Triode
n-channel / |\ Saturation (FAR)
) L ip = K[Vgs - Vi(vgs) [T + Avpgl/2

ip = K[Vgs - Vr(Vgs) - VDS/Z]VDS

VDS
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e Creating a linear equivalent circuit, LEC:

Suppose we have a device with three
terminals, X, Y, and Z, and that qx(Vxz, Vxv) qv(Vvz, Vvx)

we have expressions for the cur- _H_ _H_

rents into terminals X and Y in Xo oV
terms of the voltages vy, and vy,: .

Iy(Vysvy,) and i,(vy,,vy,) ix(Vxz, Vvz) Q Q Iv(Vxz, Vvz)

Suppose we also have expressions for

the charge stores associated with J’Z
terminals X and Y: ¢,(vy,,v,,) and ¢q,(vy,,v,,)

We begin with the static model for the terminal characteristics, and
linearize them about an bias point, Q, defined as a specific set of
vy, and vy, that we write, using our notation, as Vy, and V,

For example, for the current into terminal X we have:

Iy VyysVy, ) = 1, (Vy,,V,, )+ —— I (Vy, = Vi, )+ —— Iix (vy, —V,,) + higher order terms
XZ 0 YZ 0
For sufficiently small (vy,-Vy,) and (vy,-Vy,), we have:
: : ol ol
Iy VyzoVyz) = ik (Vy,, Vi) + X (Vyy = Vi) + X Vyz =Vyz)
X7 0 Yz 0
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e Creating a linear equivalent circuit, LEC, cont.:

Using our notation, we recognize that:
Iy =iy (Vi Vi), 0 = [ix -1y ]v Vi = [VXZ - Vi, ]’ Vy, E [VYZ _VYZ]

We identify the partial derivatives as conductances, and name them as:

ol ol
X = gi X = gr
0’)VXZ 0 é’vYZ 0
Applying these to our earlier result we have, first:
: i Ji
Iy (Vyz Vyz) = Iy + * Vi > Yy
XZ 1o 0')VYZ [0)
and flnally: ix (sz’vyz) ~gV.+t 8V,
Doing the same for iy, we arrive at
iy (vxz’vyz) = gfvxz + govyz
where: . 3, . g,
F= 0=
&VXZ 0 &VYZ 0

continued on the next page
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e Creating a linear equivalent circuit, LEC, cont.:

A circuit showing relating the incremental currents and voltages is
shown below:

X O 0O
+ oy

Vxz [ o Vyz
) g ngyz ngxz g -y

Z o o7

Next, to handle high frequency signals, we linearize the charge stores'
dependencies on voltage. Their LECs, which are linear capacitors:

Jqy _ aqy _ gy —C |= aqy
é)VXZ 0 - 0')VYZ 0 g deY 0 M &VYX 0
Adding these to the model gives us:
Xo [
+ C |l +
Vxz Oi X == Jo Vyz
i OrVyz yz OV xz i
Z-: 0
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e Linear equivalent circuit (LEC) for the p-n junction diode:

We begin with the static model for the terminal

characteristics: . oA
Ip(Vag) = Ips [eq wlth 1] |D+ +
Linearizing iy, about V ,;, which we will | VAR
denote by Q (for quiescent bias point): BS SZ
: : ol
i, (Vap) = ip(Vyp) +— [VAB ~ VAB] -
AB | () B
We define the equivalent incremental conductance
of the diode,g 4, as: _ di, 94 ;v ql,
d = = IBs =
Wl KT kT g .
and we use our notation to write: Iq v +
I, =i, (V) iy = [iD ~ ID]’ Vap = [VAB ~ VAB]
. ) oF 3 Vab
ending up with
i = 84Vap
The corresponding LEC is shown at right: ¢ ~ alp b ¢
kT
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e LEC for the p-n junction diode, cont.:

At high frequencies we must include the charge store , q,, T A
and linearize its two components:

s =Y9pp t donR p-side C, = Cdp + Cdf las SZ t:ﬂAB
Depletion layer charge store, q,p, and its
linear equivalent capacitance, C, J;
B
Gpp(Vap) = _AqNApxp (VAB) =~ _A\/zqg&' NAp (¢b —Vag )
E.N
Cdp(VAB)E aqi =A\/ qEgiiV 5p aT
07vAB 0 2(¢b_VAB>
Diffusion charge store, qong ,-sige> @0d its linear Jd Cy=—=
equivalent capacitance, C:
. 2
I |lw, —x )
qonr,p-side (Vyp) = [ ;De p] b 1
2 2
ong posie| Ly [Wy =%, ] | [w, - x,]
C V - ONR ,p-side _ D p p — T Wlth T = p p
i Van) My |, KT 2D, Sata Y))
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e Linear equivalent circuit for the BJT (static):

In the forward active region, our static model says:
Iy (VgpVer) = Igg [quBE/kT B 1]

Ic VppsVep) = ﬁo[l + )\’VCE]iB (VesVer) = Bolps [quBE/kT - 1][1 + )\'VCE]

We begin by linearizing i- about Q:
di. di.

aVCE

ic (vbe’vce) = Vbe +

vce = gmvbe + govce

BEQ 0

We introduced the transconductance, g_, and the output conductance,

g , defined as: _
Ol
0’)VBE

Ji.
é,VCE

8m = 8o =

Q Q

Evaluating these partial derivatives using our expression for i, we find:

gm = kq—TﬁoIBS quBE/kT [1 + )\’VCE]

I
— I quBE/kT +11 A or = _C
go ﬁo BS[ ] VA
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e LEC for the BJT (static), cont.:

Turning next to iz, we note it only depens on vy, so we have:

. ol
LL,(Vy,) = .
BE

vbe = gnvbe

0
The input conductance, g_, is defined as:
. = di,

0')VBE

0
To evaluate g we do not use our expression for iy, but instead use

ig =i/By: 1 4, al.
0 B, kT (Notice that we do

B Ol 3
0 /50 aVBE - uv
not define g_ as qlg/kT)

0’)VBE

8x

Representing this as a circuit we have:  (Notice that v, has been renamed v,)

b ; o C

gn Vn ngn go

eo °€
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e Linear equivalent circuit for the BJT (dynamic):

To complete the model we next linearize and add the charge stores
associated with the two junctions. qBC_I C

The base-collector junction is reverse biased ]
so the charge associated with it, qg, is the i ﬁFIB’
depletion region charge. The correspond >
-ing capacitance is labeled C,. B O‘ADI_

The base-emitter junction is forward biased LS
as has the excess charge injected into the
base as well as the base-emitter depletion CIBE“ °E

charge store associated with it. The linear equivalent capacitance
is labeled C_. The part of C_ due to the excess charge turns out to
be qlI.lwz%*2D KT, which can also be written g_t, with T, = w;%/2D,

Summarizing: C_ =g 1, + B-E depletion cap., C,: B-C depletion cap.

C
Adding these Do | e o C
C's to our + |
mOdel: gn VIIZ __C ngﬂ; gO
JT
go - ° e
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e Linear equivalent circuit for the MOSFET (static):

In saturation, our static model is: (We've said o = 1)
I (Vgs>VpssVps) = 0 lp(VgssVpssVps) = 0
K

Ip(VgssVpssVps) = E[VGS -Vr (VBS )]2[1 + )\'VDS]

%

: w 1
Wlth K = TMeCOX and VT (VBS) = VFB - 2¢p—Si + C—*{zgSquA [‘2¢p—5i

ox

1/2
- VBS]}

Note that because i;; and i; are zero they are already linear, and

we can focus on i;,. Linearizing i, about Q we have:
é)vbS

ol
v + P
£ v
0 DS lp

= gmvgs + 8oV as + EmpY bs

ld (vgs’vds’vbs) = vds + vb

S

GS 0

We have introduced the transconductance, g, output conductance,
g , and substrate transconductance, g _,:

_ dip,

go - alD
0’)VDS

07VBS

gmb =

Q Q

(Continued on next foil.)
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e LEC for the MOSFET (static), cont.:

Evaluating the conductances using our expression for i, we find
i
80 =2 = K[V

os — Vr (VBS)][I + )\’VDS]
— g 0
1%} K
g, =—"| = _[ -V (VBS) ( = _D)
MW 0 2 Vv
di, Vv,
g, = = K[V =V, (V) [[1+ AV ] n~2KI,
- é,VBS 0
with _ o”VT _ 1* EqqN ,
aVBS 0 Cox ‘Q¢p‘ - VBS
Representing
this as a 9 +
circuit

: o d
: Vgs
we have: OmVgs ImbV bs Jo
S o . °

] ] oS
Vs

b o—o
Clif Fonstad, 10/03
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e Linear equivalent circuit for the MOSFET (dynamic):

To complete the model we next linearize and add the charge stores
associated with each pair of terminals. Do ] g
DB
In saturation q is a function &_

o [¢
only of v¢ and v, S0 our i
model only accounts for C G O_H_ Q_o B

and C,. C,, is a parasitic
element.

We have: C, =(2/3) WLC,/’ s \ass
Cyq: sum of G-D fringing and overlap capacitances (all parasitics)
Cips Cap» Cpt depletion capacitances

Cgd
Adding these C's J > “ > od
to our model:
Vgs —_—
Cgs nggs OmbVbs Jo
S o > ) °S
Vs Caop ==
N Csb | Cgp
Lecture 14
Do Slide 14
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6.012 - Electronic Devices and Circuits
Lecture 14 - Linear Equivalent Circuits - Summary
e Analog circuit design; small signal models

Linear amplification and processing of signals
Digital circuits are ultimately analog

e Linear equivalent circuits: it all depends on the bias point
pn diodes: 29

g, = qlI, /KT
ge S Co=r= Ca= 84T+ Cgp(Vap)

BJTs: (nFAR) P ! C. g = qlI /KT

boe m H o C gn=gm/BF

g, =I./V,l [or A]
=S V=T, ImVz %o Cr=8uTh + Coppe(Vir)

eo - P Cu = Cdp,bc(VBC)

MOSFETsSs: ' o (in saturation) g .=K(Vi-Vp = (2KII )12

g e | Smb = N8m
e M = feqaN,/2(129,] - Vo }2/C, "]
gs __(:gs nggS mebS gO gO —-_ IID/VAI [OI‘ ;\. IIDI]

C,.=(@23)WLC,'

S o °©S g o e
. § C.qet G-D fringing and overlap
Clif Vbs Cap == capacitance, all parasitic
Fonstad N Csb | Cgb Caps Capy Cpt depletion capacitances
1003 Dbo
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