Electronic Circuits Summary

Andreas Biri, D-ITET 16.06.14

Constants (@300k)

g =8.854x10"12F/m my=9.11+103 kg
k = 138%10723J/K = 8617x10"%eV/K

q 1

kT
= 00259V ,— = 3861~ ,kT = 25.9 meV
q kT v me

1eV =1.602x1071] ¢=1602%x10""4s

1. Transistor Characteristics

Resistor: Ve =R x* Iy
Capacitor: Ir =C+* % Ve
Inductor: v,=L%1
nductor: L=L 1

Bipolar Junction Transistor ( BJT )

VBE %
Io=Ig*eVr (1+ﬂ) ,

V—kT 26 mV
Va T_QN "
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Small Signal Equivalent Circuit BJT

Consider only small oscillations around operation point
- Linearize as approximation, Ve = 0 = Vg as const.
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Biasing of a BJT ( Setting the operationg point )

Voltage divider R4, Rp, sets the bias voltage

Transistor in active region : Vg = 0.7V
MOSFET
K'wW )
Ip = > (Vs = V) (1 + A Vpg), Vps > Ves = V¢
K’ : Intrinsic transconduct. coeff. D ID
V, : Threshold voltage IG =0

G—D—| Vbs
VGS\A S

W /L : Gate width / Gate length

A : Characteristic length

Small Signal Equivalent Circuit MOSFET
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2. Single-Transistor Amplifiers

Hs 71111 Z.c)ut
Vg l’lx’m D Uout l Ry,
Source Load
Amplifier
Impedances: Zin = Stn | Zout = fout (vs=0)
lin lout
Gains: A, =2t A1=i°.—ut (R,=0)
_— vs ls
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Common-Emitter / Source Amplifier

Vin
Rp=-—=1n
lin
Vout
Roue = i =Ty
L vp=0
jl)‘, 7:-]" B C Rout | T-L
+——o— t P °
Vs I
s Vin I'r 9mPin T'o | Ry, | Yout
|
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E
i, = — o Im V
L Ty +RL m Yin
A, = Vout ~ Tn R Vout _ iL RL ~ R
v = ~ T TR Im bRy, — = ~ —9m K
Vs T S Vin Vin
Inverting Amplifier - 180° phase shift
iout RS iout
A== e T = gm = B
S Tvout=0 S T M vou=0

MOSEFET: instead of BJT, no current into the gate

D

GmVin ro RLI Vout

O

S
No current flow into the gate: Ry, = o, v, = v

Roue =10, Ay = —gm R,

Common-Base / Gate Amplifier

Vee

Vout

_ Vin N 1
Rin = — ~—
lin Im

Vout
Rout ==

Lout Rs > 1

~ ((lIRs) gm + D1y = B 1y

Vout ~ Im RL

Ay = =~ : non — inverting amp.
v Vg 1+ gmRs g p
i
A = out = - 1gm = =1 for Rg>» 1,
tin Lyg =0 Rillrn + Im
Sl

MOSFET: R = 0: voltage source ; Rg =  : current source
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lin Im

Common-Collector / Drain Amplifier

Also known as emitter / source follower

Vee

Vout

1
: o}
1
1
ImVUBE To : Ry, |Yout
v :
o - o)
Usually: R, K1y — R;||ry =R,
Vin 1 1
Rin=—"=Tp+(1+F R, Rou=—T ~—
lin g + = Im
m
T
v, 1
A, =2 g ~1, A =1+8
Vin 14
ngL
MOSFET: no current flowing into the gate ( A; = o)
G
[0 —
l UGas = Uin — Uout RlTL = 00
'Ruut
Vin S 1
ImVGs i RLlUmlf Rout = g_m
o : )
D 1
1 .
Ay = 1 Lout = 9Im Vout
1+
Im RL



Comparison of the three basic amplifiers

CE/CS Amplifier | CC/CD Amplifier | CB/CG Amplifier
(Voltage Buffer) | (Current Buffer)
Voltage Gain |4y | High ~1 High
Current Gain |A| High Moderate ~1
Input Resistance R;,, | High High Low
Output Resistance High Low High
Rout

After voltage buffer: lower output resistance (better V-source)

After current buffer: larger output resistance (better C-source)

Impedance Matching

P, is maximized when R, = Rg

3. Frequency Response of Amplifiers

Change of charge vs. voltage across pn-junctions between

BJTs can be represented by a parasitic capacitance

20 C
+—0
JCE
mTfBE® G l ¢
lo}
C, : capacitance between B and E , £ Cys
C, : capacitance between B and C, 2 Cyq
gd
* o
QmQ’C' @ g l UDs
. o

Additional shunt/feedback resistor Rf up to doubles bandwidth!

Multi-Stage Amplifier

Ry | |10k Ra| |5k
Ce

" I
Ce . 10pkF 10 M2
o—| M, My | Vi a R

Small signal model: all constant voltage supplies become ground

¢ : large, = shorts, Cya : of tennegligible
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Stage 2:
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i Jm2t 1 T
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" o 7. —Im2Re 7o B2
out = Tma V1 L2 ®Tmoep Vir L2 ¥ TR,
A (S) — vout(s) - _ gmz R2
vz v, (s) 1+sC.,R,

Cut-off frequencies: defined by poles

Vout (S) gmiRi * Gma Ry
Ay(s) = =
Vin(s) (14 SR; Cysr)(1+5R,C)
Ay o) [aB] o I\Zz: 1 1
w; = |p1| = mwz = |p2| = R1Cg$2

Time Domain representation:

log(w)

Fy(e) 3T

log (w) vout(t) = A eplt + B * epzt +C

4. Differential Amplifiers

Transmitting information with two complementary signals

Information is contained in the difference, same DC value

I " Differential

=Y+ Y- component
T Vi + Vio Common-mode
fem = 2 (DC component)

Differential amplifier: In order to filter out DC component

before the amplification, we use a fixed tail current I ,
which also enables DC coupling of stages (current splitted)

Ve ( emitter-node potential) remains constant = vy = 0

Symmetry between left and right branch = split circuit
into two independent parts and analyze separately (once)

. . e . v
Differential amplification: Ayg = de = —gm R¢
id
ope o 1% v, R
Common-mode amplification: A, = = =2 = —-%
vi Viem 2RE
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Common Mode Rejection Ratio

Indicates how strong a common mode signal is attenuated

compared to a differential signal

Avd — —9m RC
Avcm - RC/ZRE

G = =29m Rg

CMRR = Ggp = 20 *log,, G

GBP =A0 *wc

Operational amplifiers

Ideal: Z;,, > o, Z,,; 20, 4,4 > 0, CMMR - oo

Non-ideal Small Signal Equivalent

o L1
Vd l C"m ‘u ¢ ¢ B() T & /e
O

- —C)

I";mt
=+

Voltage Comparator

Vour = sign(Vin) * Vee

+ i Vout

=

Vin

1

Voltage follower ( Buffer )

o]
) 0—/ ¥ Vout Vout = Vin
Vin ¢ =+
=+
Inverting amplifier
RZ
Vout = _R_Vin
V. 1

||}-

Non-inverting amplifier

Differentiator

Vin

Vin(s)
sRC .

1
Vout () = Vouc (0) = RC Vin(D)dr
0

Vour(s) = —

Vin(£) T Vour(8)

t | t
Vout(s) = —Vin(s)RCs
d
Vout(t) = _RCEVin(t)

’[‘ Vin(t) Vour(t)

| ‘ E

5. Instrumentation Amplifier

Precise amplification of weak, distorted sensor signals
High input impedance, internal feedback loop

Basic Instrumentation Amplifier

Amplifies voltage difference with a precise gain
Differential gain must be equal for both input branches

Ry
1
(.
Ry
o LI -
Vi ¥ —0
= Ve

=+

R, 1+ R,/R;3 R,
o= T np Vit~ n Vi-
R; 1+R,/R; R3

Set R, = R3,R, = R, to equally load both input branches:

R, R,
Vo=G*V;y —G*V,_, G:R—lzR—3
Buffered Instrumental Amplifier
Obtain ideally high input impedance by input buffering

1y
—

—O
l v,
<+

<R2(R3 +R,) R4> Via (Rz(R3 +R) Ry
Vo =Viem| 575775

Rs(Ry +Ry) Rs) 2 \Rs(Ry+R)) Rs

CMMR =

)

Ai_ Vo/Via _ (Rs+R)R,+ (Ry + R)R,

Aen Vo/Viem 2% (RyR3— R4Ry)
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Input stage gain

Ry
1
| S|
—0
+ \ve
-
Ro -

Differential & common mode gain of input stage:

4 _VBd_VB+_VB—_1 Rs + R
p=—2=Br BT
Vi Vie = Vie R,

Vs + Vp_
Aemp = 2+~ B” — 15 nocurrent through Rs, Rg, R,
N 7 A (=

Differential & common mode gain in total:

o Vo _ A (Re(Rs+RD Ry
* " Vig 2 \ Rs(Ri+Ry) Ry
R,

R1:R3,R2:R4 d A&:_AB
Ry

o (Re®Rs+R) R
em - TempB R3;(R; + R;) R3

!

da
T

cm cm

- increased by factor Ag

CMMR =

Voltage offset: Offset voltage in combination with a small
input signal is highly undesired. The output signal then

reaches the saturation level even for small values of V; and

is therefore distorted.
If this is not appropriate, chopper amplifiers can be used.

6. Voltage Regulators, Logarithmic

& Anti-Logarithmic Amplifiers

Linear voltage regulators

I, = g
—-0
Ry,
‘/sup ERL Vout = mmup
Non-inverting topology
I, = lH]' =~ Ig
Rpy
—0
Ku) :
IC) RF? []R[ th-
Vref@
Inverting topology
I, = L;%;‘ =~ —Ig
Vl;b\ Ry
—-o0

R]‘ V;nlt.

]
X |
I
&
%]
i -
|||

ChOose RFllRFZ >> RL d IL ~ IE / _IC

Small Signal Equivalent:

7
V‘U

‘4\.'(3) - H—ﬁ = = = =
S
7, =Youe 1 ' apg
ou . !
lo gon(1_|_ S )(1+S_CL>
wpoAy 9m

Logarithmic & Anti-Logarithmic Amplifiers
Non-linear circuit whose output voltage is proportional to

the logarithm / exponential of the input voltage

o— —o o— —o0
r‘,.l D l.“”,, = In(viy) r'mi D lf' ,,,, ~z gVin
o— —0 o— —0
Anti-logarithmic amplifier

Logarithmic amplifier

Logarithmic Amplifier: Rely on logarithmic relationship of I & Vg

Ie @

Ly
-
) O
.,,hi . 11
i3 +
Vin _Voutr Iin Vm
Iin = R_1 = IC = IS e 'r lVOut = _VT In (E) = _VT In (Rlls)

Anti-Logarithmic Amplifier

o Ay

o @ ™
\¥¢ o
Vin = = * ll";mt.
L 1 i
Vin _Vin
Vee = —Vin,Ic =Ise VT = Voye =Ic Ry =IsRye VT
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7. Active RC Filters

Filter is a frequency-selective circuit that passes a specified
band of frequencies and blocks frequencies outside of it.

Passive Filters: based on passive elements suchasR/L/C
Active Filters: based on op-amps in additiontoR/L/C

Low-pass filter (LPF) High-pass filter (HPF)

[-aan

Passband Stopband Passband

g

1

2
Magaiuco A, (68)

fa

HPF passes frequencies starting from a
desired frequency f,.

LPF passes frequencies from DC to a
desired frequency f,.

Band-pass filter (BPF) Band-stop filter (BSF)

{—3dB

Passband |

Magniudo A, (68)

Magniude A, (48)

BPF passes a band of frequencies from
fo, to fo, and stops all other frequencies.

BSF blocks a band of frequencies from f, to
fo, and passes all the other frequencies.

Cutoff frequency

Poles define cut-off: ITGwe)| = \/% max(|T(jw)|)

w
w, = |pnl, BW_34p = O/QO

First order passive filters

Low-pass Filter High-pass Filter

) v V. sRC
Transfer function:  I'(s)=—2= T(s)=—"2= shC
V. 1+sRC V¥, 1+sRC
Amplitud V.(ja) 1 V.(j@) @RC
mplitude response: |-* _—— e =
Vjo)| J1+(eRC)Y Vijo)| J1+(wRCY

(V.(je)) (V.(je))
Phase response: /| M |f —tan' (@wRC) Z| "(7/”) =90° —tan"' (@RC)

\ V(e \Fe) )

—

20 dBtecade -

Normalizad Angular Frequancy fe)

Magrituca (d8)
Magninude (d8)

Marmalized Anguiar Fraqusncy (i)

— g =

o

27RC i

Phass idegress)
/
Phase (dogrons)

P \\_

= 27RC o

Marmallzod Anguiar Fraquancy (i) Nonmalized Angular Froquency fe)

First order active filters

Filters and amplifies signal

7 High-pass Filter

Low-pass Filter

' l\ ' T_|
L - L L
. V, R, 1 ’
Transfer function:  I'(s)=—2=-—2.—— I(s)=—* .
V., R 1+sRC V. 1+sRC,
Amplitude response: T(fra)\ &, . \TU(O)\ L
R 1+ (wR,CY ’ m
R, C,
p=0)=—=% T( ja =
T(jo=0) 2 [rijo— =) v

1

ZT(jo)=-90°—tan" (@RC, )

20t fl_‘;" \ -

Phase response:  /T(jm) =180 tan™' (@R,C)

agritds
/

Comparison of first order filters

2 passive elements that determine pole 3 passive elements, pole determined
by elements in op-amp feedback

Variable pass band gain possible

Fixed gain of 1 in pass band
No power consumption Op-amp consumes power

Real filter transfer function close to
ideal filter function

Real filter transfer function dependent
on op-amp DC-gain and gain-
bandwidth product

Second order passive filters

2" order passive filters can be synthesized from 1% order

1
_ RZC? L 2l
T(S)_ 2+i + 1 ) wO_RCrQ0_3
ST RC S T R2C2
Denominator: D(s) = s + % s + wk
Poles: P12 = R Wy < 1

2Qo 4 Qo

wy=1/VLC

Resonance frequency:

. . _1 JL
Quality factor: Q=% "¢
Energy vs. freq.
-3dB The higher Q, the
narrower and
sharper the peak.
2 Bandwidth N
f £ 5

Low-pass filter

1 2
T w
T(S): ) [glc 1 = 2+ 00 + 5
s*+r s+t S 0 s+ wg
High-pass filter
() 5% x w3
) =
52 +8—Z s+ w?
Band-pass filter L C
Vi R v,
o_
R
T(s) = — PRI
S +IS+E



Sallen-Key amplifier
Allow sharp gains without using inductors (expensive)

Low-pass filter

1

Band-pass filter

o, =——— Q=
" JRRCC, 0( (I 1J—K]

RC, RC  RG,

Ks’

T(s)=
( ) 5 ] 1 1-K 1
s+ + + S+
R2 C 2 R2C] RL Cl Rl RZ Cl C’l

@,

] =
Wy = RRCC O 1*K+ 1 N 1
e RC,  R,C RC,

T(s)=
( ) 2 1 1-K 1 1 R +R,
b‘ + al + v + al + al 'S‘+ 'Y_ ad
RC,  RC  RC RC, RR,R,CC,
@y
1 1 1 1-K
—+ — + —+ -
RC RC, RC RC

Tow-Thomas Biquad filter

Less sensitive to tolerance difference; combine Sallen-Keys

—
Ry

o

L
1
| V. R,R,C,C
‘TLP(S)=V:=S'2 R
" RC RRCC,
1
v, RC,
Ty (s) == =
v , 1 1
i s + -
RC~ RR,CC,
.
@ = RR,C,C, 0, = o, R (;

8. Switched capacitor filters

Motivation: some systems require an active RC low-pass
filter with very low f,,;orr = We need a large resistor in a
highly integrated chip, whereby it is also inaccurate.

Concept of switched capacitor devices

P4 L
closed| m—= ———
I\ / \ / [ \
@ /
/
/ Ly
time
I
Vo

Transfer of charge AQ from potential V; to potential

V, at a fixed rate f, = =
Tc
Transferred chargeper T¢: AQ =C(V,—V;)

A c(V,-V,
Average current: Ly avg = Ao _ thhe)
’ c

Equivalent resistor: Reg=—7=—



Inverting Integrator using SC

=Gz Vout! Ca2Vour
CiVin —CiViy

LIES c
P & Vour =0

Initial condition:

+

Cy
Vi" I ¢2 @1 lVout

iI—o

Phase 1: @, on,charge accumulates on C;and C,

Phase 2: @, on,(, is discharged

G, Vout[nTC] =(, Vout[(n - 1)TC] = Cy Vip[n T¢]

-
<)|1t+ T( QT( ST(
) time
=VinC) N
C2
V| L e
Ca
=3VinCa | _ .. .-
Ca
Vout
time

= seems continuous for small enough T,

C

Vout[n TC] = _T C
c“2

nTc
f v, (t) dt
0

Ratio of capacitors can be realized more accurate than
absolute values of R and C.

Z-transform

2T = X@T= ). xlkT]e™

k=—on

Definition

Time delay Zx[(n — T} = 27X (2)

Ao (forward/backward Euler transform)
°

Mapping to Laplace domain s = ’Ti ors =—
c

2nr
z=eloTe =o' T2

Mapping to jw-axis

Non-inverting Integrator using SC

49"

&

-

.i/'ill =

ll/uu t

Same circuit as before, only change of switching schedule
= Charge on C, is inverted compared to before

Phase 1: C; is charged to V,,

Phase 2: Charge is transferred to C,

G, Vout[n TC] = (G Vout[ (n— 1)TC] +C; Vin[n TC]
CyVin(2) = C, (1= 271) Ve (2)

Vout (2) _ & 1
Vm(z) C2 1 - Z_l

Switched capacitor Tow-Thomas biquad

inverting weighted
summing integrator
1

= Replace all reistors by switched capacitors

Vors(@) c CRr2CR3
Z Ra C1C2
T(Z) — Yout - _
Vin(z C —2..-1(_-_CR1 L ER1, CR2CR3
in(2) Rs 27242712 & )+14 Ry R
T(s) = . N T(z) = e, Te)?
52+%“s+w5 z-2+z'1(—z—m(g")ﬂ+U)ZT‘+(wnTc)2
Design equations:
CR4__k CRZ_CRS_w T CR3_Q
Crs ' c, (1 05T Oy

Z-transform extended

Time discrete equivalent of the Laplace function.
oo

X(z) = Z x[k]z=*

k=—co
Delay by n samples:
x|kl = x[k—n] & X|z] - z7"X[z]

Transformation to frequency:

Differentiation:
df(t)
2("g
dt

1—2z71

) = F(Z)T—c

Integration:

T,
Z(f f(H)dt) = p(z)l_—‘;_l

z-1
Forward Euler Transform: s = -

c
1-z7t

Backward Euler Transform : s =
C



9. Appendix

Transimpedance amplifiers

Sensing an input current & converting it to output voltage

Tm = f Zin_)O: Zout_)o
dl;,
fin tin Zout
—o O —0
> & ek
o— —o o~ o
,,,,,,,,,,,,,,,,,,,, Rf B
—
| S )
Zin—;—b

]

in

I
out

_RfIin

M

|||—<—

Frequency Response of Transimpedance Amplifiers

I, Ry
H 1 i
- H i fod 1
= 1|
M I 172 ——o
{in ZH i "I' : H ll' "

Transimpedance experiences broadbanding due to
feedback:

% R:A R
z; =1,—r =—-4,(s)Z, = 0 = I
il 1+A°+wp0 1+A0wp0
Bandwidth is limited by GBP of op-amp.
. _ Zs
Loop gain: A(s) = iv(s) e
Feedback-factor: B(s) = s
7(Rf||ZS)Iiu
f-l_—\ Av{b‘) Voul.

4Loop Gain Ap(s) = Av(s)RfZT“AJ :

Zg
Ry+Zs

- High bandwith trade-off: High transimpedance gain
results in lower bandwidth

Due to the capacitance C, = C; + C;, the transimpedance

amplifier becomes a second-order system with DC
transimpedance gain = —Rf and a loop gain

AL(S) = AV(S) =

Step Response of Second-Order Systems

— Vou[‘ — sz?. —
R S CEr N i

wn

=R —
752+ 2{w,s + w?

Characteristic equation: s* + 2{w,s + @Z =0 :

- (A — _“potep
CUn - Aompﬂwpg C - 2\-"7)40“)‘;)0;‘;)5
P11 = _iwn + W/ (2 -1
b1 = _(wn — Wy (2 -1

Po = —Po Aow-pu = GBP
1 1
Q=1

Ps ™ Recy 27

g

>

System behavior:

Critically damped ({ = 1): p; = p, = —w,

conjugates

Overdamped ({ > 1): p,, p, are real and negative

Underdamped (0 < { < 1): p;,p, are complexe

Overdamped

Underdamped

Vout




Switched Capacitors Examples
Example:

«
i P,

losed | =—- —_
close i -1\ i 1‘
| \ [ \
\ | 1 ,
open \ [ 1 0z
-1 n

I n-0.5

Attheendof @, (n—1):  + =o =
Qc1=C-Vi(n=1) “_i_
Q=0 Vy(n—-1) )
At the end of @, (n — 0.5):
Q=6 -0
Qc2 = G- Vo(n—0.5)

Charge conservation:
At (n —0.5):

GVy(n—0.5)=GV,(n— 1D+ CVi(n—1)
At (n): (nothing happens to Q)

C,V,(n) = C,V,(n—0.5)

Results in:

CGVy(n) =CVy(n—1)+CV;(n—1)
CVo(Z) = C,Z7HV,(Z) + C,Z7Vi(Z)
Vo(Z) G Z-1

Vi(2) G 1-z71]

I|I-}:

Example 2:

&, by

Viy T (&)

@d,(n—1):
Q01=CVi(in—1) @, =0CV,(n—-1)

@ @, (n—0.5):
Q=0 Q,=0GVy(n—0.5)

¥,
=

Charge conservation:

Uberlegen wo positive und negative Ladung hingeht.

Verstarker verstarkt solange bis die
eingangsspannungsdifferenz 0 ist.

@ (n-0.5):
CVi(n—=05)=CVnh-1)-GV;(n—-1)

@ (n):
C,Vy(n) = C,Vy(n—0.5) = C,V;(n)

= GVy(n) =CGVn—1)-CVi(n—1) = C,Vi(n)

Vo(2) €1+
Viz) G 1-2Z1
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