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LECTURE 20 - LOW INPUT RESISTANCE AMPLIFIERS - THE
COMMON GATE, CASCODE AND CURRENT AMPLIFIERS
LECTURE ORGANIZATION
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 Further considerations of cascode amplifiers
e Current amplifiers
e Summary
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VOLTAGE-DRIVEN COMMON GATE AMPLIFIER

Common Gate Amplifier Vop Vop
Circuit: . % VpBigsi 'JM3
’ [ tour i | Vour
VNBi%SiII__, ) Vi) M2
VIN % @IBias VIN @VNB@&: M1
I I T T
Large Signal Characteristics: YouT
Vour(max) = Vpp — Vpg3(sat) G e s T==
Vour(min) = Vpgj(sat) + Vpga(sat)
Note Vpgi(sat) = Voni i
L V0N2§
VON1++VON2 “”“"*/Vn _,: -
VON 1 VNBiClSZ 060609-02
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Small Signal Performance of the Common Gate Amplifier

Small signal model:

}"dsz ’"ds2
R, Rip i out
o N O T
<> r dsl% gm2vg;c2is3% Vout D Vin Q) Tds 1%}?2 out
© - 060609?03
Fds?2 8m2Vds27ds3 N Vout 8m2Vds27ds3
\% = % r = 1 = .. =+

Rin = Riy’llrgg1, Rjy, 1s found as follows

V2 = (11 - gmaVs2D)Tds2 + 117ds3 = 11(rds2 + T'ds3) - &m2 Yds2Vs2

V§2  Tds2 T Tds3 Fds2 + 7 ds3

R' '—= — = - R ||
m= gy T 1+ gmoras =Tds1™ + g, o1

Royt = rgsllrgss
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Influence of the Load on the Input Resistance of a Common Gate Amplifier

Consider a common gate amplifier with a general load:

45%)) 1% 1%

T 2+ Vpp j DD Vpgia il—| _ Jl_v_li):D

Vop: 77217770 ; !

Load ' : PBias]1: . Vop: .o .

! 1 M3| PB 2: 1

. b M ),

ouT L-----2 Vour L------4Vour =0 vour

VNBigg'L—’ VNBI%L—’ M2 VNBigg' M2 VNBigg' v
Riny Rip Riny
VNB 1 VNB 1 ~VNBias1 — ~VNBias1 —

@ e @ LM o AL M1 vy [, M1

B B B = 070420-01
From the previous page, the input resistance to the common gate configuration is,

Fds2 + RLoad
1+ gmotas2

For the various loads shown, R;;,, becomes:

R;

¥ds?2 1 R Fds2t7 ds3 2 R Vds2 T dsa8m37 ds3
~ . = =~ . = I~
14+8moras2 ~ 8m2 in2 = 1+ goras - &mo in3 1+ gmorasn ds

Rin1 = il

.. The input resistance of the common gate configuration depends on the load at the drain.
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VOLTAGE-DRIVEN CASCODE AMPLIFIER
Cascode” Amplifier

145)5)
VpBiast
— M3
Your
——o
VNBias2
L m2
. [, Ml
VIN
. L 060609-05

Advantages of the cascode amplifier:
* Increases the output resistance and gain (if M3 is cascoded also)

e Eliminates the Miller effect when the input source resistance is large

¥ “Cascode” = “Cascaded triode” see H. Wallman, A .B. Macnee, and C.P. Gadsden, “A Low-Noise Amplifier, Proc. IRE, vol. 36, pp. 700-708, June
1948.
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Large-Signal Characteristics of the Cascode Amplifier

VIN=5.0V  viN=4.5V
0.5 \// e vv=4 0V M3 5\;,]3 oum
A sl 1 vN=3.5V =
X ] L3 lum
0.4F /o 1y N=3.0V il__|— P
. F / - - — 2_ Mm
W s S b 1, ipm
~0.2F o e JviN=2.0V 34V=— ,
i ///4 N M3 ] T a| ovr
0.1 D] o—[ Wi_2um
Q‘_: V]N=1.5V + | 5 Ll = lum
' VIN }
EN
______ i
active___|\i .
. saturated. .} ... ... M2 saturated. A

M?2|active 1

urated | active
L L L L P | L L L L L L L

Fig.5.3-2 0 1 2 3 4 5

M1 sat. when Vg2-Vos2 =2 Vgsi-Vr —= vin=0.5(Vgga+Vrn) where Vagsi=Vas

M2 sat. when Vpso=VGs2-Vrn = vour-Vps12VcG2-Vpsi1-VTn —= vour 2VGG2-VTn
M3 is saturated when Vpp-vour= Vpp - Vo3 - Vel — vour=Vgags + 1Vrpl
CMOS Analog Circuit Design © P.E. Allen - 2016
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Large-Signal Voltage Swing Limits of the Cascode Amplifier

Maximum output voltage, vo7(max):

vour(max) = Vpp
Minimum output voltage, voy7(min):

Referencing all potentials to the negative power supply (ground in this case), we may
express the current through each of the devices, M1 through M3, as

. vps1*

ip1 =1 {(Vpp - Vri)vpsi - 5 | = f1(Vpp - VT1)vpsi

, (vour - vps1)?
ip2 = P2 |(VGaz - vpsi - Vr2)(vour - vpsi) - 3

= fo(VGi2 - vps1 - Vr)(vour - vpsi)
and

B3

ip3 =" (Vbp - Va3 - [Vr3))?
where we have also assumed that both vpg; and vpoyr are small, and vin = Vpp.

Solving for voyr by realizing that ip; = ip» = ip3 and 1 = B we get,

B3 1 1
. _ _ _ 2
voyT(min) 26 (Vbp - VGG3 |VT3|) Voo - Vo + Vpp - V11
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Small-Signal Midband Performance of the Cascode Amplifier

Small-signal model: gszgsz— -gmav1

Gl D1=S2 D2=D3
S JE rds2 j °
Vin = : " raa y
v Sl g 1v 1 7 * ,' S out
S 51 G2=G3 ¥ i

0
Small- s1gnal model of cascode amphfler neglecting the bulk effect on M2.

Gl ,~ D1=S2 rdsz D2=D3

O—----ik-- ——0

+ L : +
% —— —

" gm1vin @”dﬂ% % **** Em2V1 @ rds3$ C3r<0 Vour

6 A

Using nodal analysis, we can write,
[8ds1 + 8ds2 + &m2]V1 — &ds2Vout = —&m1Vin

—[gds2 + gm2]v1 + (8ds2 + &ds3)Vour =0
Solving for voyui/vin yields

Vout _ —gm1(8ds2 + 8m2) _gml 2K''\W,
Vin 8ds18ds2 t 8ds18ds3 t 8ds28ds3 + 8ds38m2 ~ 8ds3 - LiIpA?s

The small-signal output resistance is,
Fout = [rds1 + Tas2 + gm2”dsl”ds2]””ds3 =Tds3

CMOS Analog Circuit Design © P.E. Allen - 2016
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Frequency Response of the Cascode Amplifier

Small-signal model (Rg = 0):

rds2
where gl D1=S2 D2=D3 0
Cl = ngl ; vin 8m1Vin @rd“% % Co V1 gm2Vi é> rds3$ C3 =~ Vour
C2 = Cpg1+Cps2+Cgs2, and 5 >

Fig. 5.3- 4A

C3 = Cpan+Cpg3+Coin+Coq3+Cp
The nodal equations now become:
(&m2 + &ds1 + &ds2 + SC1 + sC2)v1 — gasavout = —(gm1 — SC1)Vin

and —(8ds2 + gm2)v1 + (8ds2 + &ds3 + $C3)vour = 0
Solving for Voui(s)/Vin(s) gives,

Vout(s) 1 —(gm1 — sC1)(&ds2 + &m2)

Vin(s) ~ (1 +as + bs2) (gdslgdSZ + 8ds3(&m2 + &ds1 + &ds2)

C3(8ds1 + 8ds2 + 8m2) + C2(8ds2 + 8ds3) + C1(8ds2 + 8ds3)
8ds18ds2 + 8ds3(8m2 + &ds1 + &ds2)

C3(C1 + Cy)
 8ds18ds2 + 8ds3(8m2 + 8ds1 + 8ds2)

where a =

and

CMOS Analog Circuit Design © P.E. Allen - 2016
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A Simplified Method of Finding an Algebraic Expression for the Two Poles

Assume that a general second-order polynomial can be written as:

P(s)=1+as + bs2 =(1 —i) (1 —i) =1 —S(L+L)+i
P1 P2 pP1 p2) PipP2
Now if |pp| >> |p1|, then P(s) can be simplified as
s s2
PO == p1* pim

Therefore we may write p and p» in terms of a and b as

-1 —d
p1=", and pop=";"

Applying this to the previous problem gives,
—[8ds18ds2 + 8ds3(8m2 + &ds1 + 8ds2)] —8ds3

PU= C3(gast + gas2 + gm2) + C2(gas2 + gds3) + C1(gas2 + gas3) . C3
The nondominant root p; is given as
B —[C3(gas1 + 8as2 + 8m2) + C2(8ds2 + 8as3) + C1(8ds2 + 8as3)]  —8&m2
p2= C3(C1 + Cy) C1+ O

Assuming C;, C,, and C5 are the same order of magnitude, and g,,, is greater than g3,
then |p;| is smaller than |p,|. Therefore the approximation of |ps| >> |p1] is valid.

Note that there is a right-half plane zero at z1 = g;,1/C]1.
CMOS Analog Circuit Design © P.E. Allen - 2016
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Repeating the Previous Example Using Intuitive Approach

Circuit:
Vob Gain:
VPBiasl j Vout
<« M3 Vour = (-&m1Vin) Yds3 = v, ~ ~8mllds3
P1 \‘ Vout in
VNBlaS2 g rlo‘l)lt ~ rdS3 POI@S:
mi-in . . .
1.) Dominant pole (one with the largest resistance to
4—-————-“"p2 p g
in ground):
. 1 -1
- P1=
L 12051501 ras3C3
-1

2.) Next dominant pole is p; = 5. (C1+C»)
in

However, in this case, p; has already shorted the output to ground so that R;,, is = a
m

rather t an~g 5 us,p2~C1+C2.

m

Much easier!!!

CMOS Analog Circuit Design © P.E. Allen - 2016
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NON-VOLTAGE DRIVEN CASCODE AMPLIFIER - THE MILLER EFFECT
Miller Effect

Consider the following inverting amplifier: IC(
M
I
FA » — o
+ +
Solve for the input impedance: Vi Va=-4,V]
Vl . 06%610 03
Zin(s) = I '
I1 =sCy(V1 = V2) =sCy(V1 + A,V = sCy(1 + A))V
Therefore,
Vi Vi 1 1

Zin8) =1 = 5Cpy(1+ AYV] = sCp(1 + A,) ™ sCoq

The Miller effect can take Coq = 5tF and make it look like a 0.5pF capacitor in parallel
with the input of the inverting amplifier (A, = -100).

If the source resistance is large, this creates a dominant pole at the input.

CMOS Analog Circuit Design © P.E. Allen - 2016
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Simple Inverting Amplifier Driven with a High Source Resistance

Examine the frequency Vb
response of a current-source load y LM .
inverter driven from a high R D x @ %Cl Vi @ C3 == Ry %mer
resistance source: | @T%_ﬂ:
vin Ry ~Cgs1 C3=Cpa1 + Cpaz + Coga2
Assuming the input is fj,,the  ® " % | Co=Ct Rymralian  Figsas

nodal equations are,

[G1 +s(C1 + C)IV1 =sCoVour=1Iin  and  (gm1—5C2)V1+[G3+5(C2+C3)[Vour =
where

G1 =G (=1/Ry), G3=gds1 + gds2, C1=Cgs1, C2=Cgq1 and C3 = Cpq1+Cpa2 + Ceap.
Solving for Voui(s)/Vin(s) gives

Vout(s) (sC2—gm1)G1

Vin(s) = G1G3+5[G3(C1+C2)+G1(Co+C3)+gm1C2]+(C1Ca+C1C3+CarC3)s2 ot
Vout(s) _ —8ml [1-s(C2/gm1)]
Vin(s) — I1+[R1(C1+C2)+R3(Co+C3)+2m1R1R3C2|s+(C1Cr+C1C3+C2C3)R 1 R352

Assuming that the poles are split allows the use of the previous technique to get,
-1 -1 4 —8m1C2
PL= RI(C1+Ca)+R3(Cr+C3)+gmIRIR3Cy = 8m1RIR3C2 "¢ P2= C1Co4C1C3+CoC

CMOS Analog Circuit Design © P.E. Allen - 2016



Lecture 20 Low Input Resistance Amplifiers (6/24/14) Page 20-14

How Does the Cascode Amplifier Solve the Miller Effect?

Cascode amplifier:

Vbp
VpBiast «—" M3
———0
+
ViNBias2 «—[, M2
ngl
W R
Rg s Y + vour
S VVV2 ' |—> Vi
Vs VI_N MI| )
E 2 1 2

060610-02

The Miller effect causes Cyg1 to be increased by the value of 1 + (v1/vj;) and appear in
parallel with the gate-source of M1 causing a dominant pole to occur.

The cascode amplifier eliminates this problem by keeping the value of v{/V;;;, small by
making the value of Ry» approximately 2/g;,;>.

CMOS Analog Circuit Design © P.E. Allen - 2016
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Comparison of the Inverting and Cascode Non-Voltage Driven Amplifiers

The dominant pole of the inverting amplifier with a large source resistance was found to
be

: -1 -1
PIONVEIED) = g (L Co)+R3(Co+C3)+gmIRIRAC2 = gmiRIR3Co
Now if a cascode amplifier is used, R3, can be approximated as 2/g,, of the cascoding
transistor (assuming the drain sees an r g, to ac ground).

-1

2 2
R1(C1+Ch)+ (g_)(C2+C3)+gm1R1(—)C2
m 8m

-1 -1
= R(C1+3C))

pi(cascode) =

= 2
R1(C1+Cr)+ (5)(C2+C3)+2R1C2

Thus we see that p(cascode) >> pi(inverter).

CMOS Analog Circuit Design © P.E. Allen - 2016
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FURTHER CONSIDERATIONS OF CASCODE AMPLIFIERS
High Gain and High Output Resistance Cascode Amplifier

VDD
If the load of the cascode M4 D2=D3

amplifier is a cascode VPBiasi +—
M3
current source, then both VpBias2 +—]
. . \%
high output resistance ¢~ Vout Em2v1Y 8mbs2V1\/ Tds2 [ 8m3vAY 8mbs3VAN/Tds3

: .. M2 o
and high voltage gain is Vivsias2 <Ko D1=S2 D4=S3 |
achieved. o ¥
Vin M Vin V] rdsl V4 S Tdsa
O_l 8ml1Vin
5 - - 5
. . = G2=G3=G4=S1=S4 060609-07
The output resistance is,
-1.5
Ip
our = [&m2rds1¥ds2] | | [gm3rds3tdsal = MAo A3Aq

\2K'2(W/L)> T A\2K'5(WIL)3
Knowing rqyt, the gain is simply

-1
2K (WIL)
Ay = —gmiTour = —8m1{[&mardasias2l || [gm3rds3rasal} = Ao A3Aq

\2K2(WIL), T \2K'3(WIL)3

CMOS Analog Circuit Design © P.E. Allen - 2016
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Example 20-1 - Comparison of the Cascode Amplifier Performance

Calculate the small-signal voltage gain, output resistance, the dominant pole, and the
nondominant pole for the low-gain, cascode amplifier and the high-gain, cascode

amplifier. Assume that Ip = 200 microamperes, that all W/L ratios are 2um/lym, and
that the parameters of Table 3.1-2 are valid. The capacitors are assumed to be: Cgq = 3.5
fF, Cgs = 30 {F, Cpgy = Cpan = 24 {F, Cpgp = Cpgp = 12 1F, and Cp = 1 pF.

Solution

The low-gain, cascode amplifier has the following small-signal performance (no upper
cascode, just lower cascode):

A, =-37.1V/V R,y = 125kQ
p1=-8453/C3 = 122MHz  py = -g,2/(C1+C>) — 605 MHz.

The high-gain, cascode amplifier has the following small-signal performance (with upper
and lower cascode):

Ay =-414V/V Royr= 140 MQ
p1~-1/RpyC3 —> 108 kHz P2~ -gm/(C1+C2) — 579 MHz

(Note at this frequency, the drain of M2 is shorted to ground by the load capacitance, Cy,)

CMOS Analog Circuit Design © P.E. Allen - 2016
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CURRENT AMPLIFIERS
What is a Current Amplifier?

e An amplifier that has a defined output-input current relationship
e Low input resistance
e High output resistance

Application of current amplifiers:

ij ]
_> X
is Rg
Amplifier

~ Single-ended input. Differential input. = Fig. 54-1

R¢>>R;;, and R,,; >> RJ

urrent
Amplifier

Advantages of current amplifiers:

e Currents are not restricted by the power supply voltages so that wider dynamic
ranges are possible with lower power supply voltages.

e -3dB bandwidth of a current amplifier using negative feedback is independent of the
closed loop gain.

CMOS Analog Circuit Design © P.E. Allen - 2016
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Frequency Response of a Current Amplifier with Current Feedback

Consider the following current amplifier with resistive i /\/I\efz\’
negative feedback applied. R, E T~

2 T A O Vout
Assuming that the small-signal resistance looking into "\

L Fig. 5.4-2
the current amplifier is much less than R or R», )

Ip = Ali]-i3) = A; R~ Lo

Solving for i, gives

, A \ Vi . R A
=134, R, — Vow =Ralo=Tp |T54;|Vin

Ao
If A(s) = o then
CU—A +1
Vour Rp/ 1\ Rp A _Ra( A 1
vin R I |7 Ry| s “ R\ 144, s

I+ AL(s) CU—A +(1+A,) ws(1+A,) +1

W_3gB = WA(1+A,)

CMOS Analog Circuit Design © P.E. Allen - 2016
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Bandwidth Advantage of a Current Feedback Amplifier
The unity-gainbandwidth is,

R2A0 R2 R2

where GB; is the unity-gainbandwidth of the current amplifier.

Note that if GB; is constant, then increasing R>/Rq (the voltage gain) increases GB.

[lustration: Magnitude dB

Ry
Ry ( A, dBA i _Voltage Amplifier, R > K
Ri\1+A, . Ro \
Voltage Amplifier,5==K>1 .
AO _g/ Rl !
(20 an
+Ao Current Amplifier
/
A,dB >
0dB

Note that GB» > GB| > GB;

The above illustration assumes that the GB of the voltage amplifier realizing the voltage
buffer is greater than the GB achieved from the above method.

CMOS Analog Circuit Design © P.E. Allen - 2016



Lecture 20 Low Input Resistance Amplifiers (6/24/14) Page 20-21

Current Amplifier using the Simple Current Mirror

VbD VbD
. I I -
lin 2 * lout lin Lout
L~ 5 — | <«
° 2 & o
R + Cy 2
Ml “v"v"" HKMQ, D Vln :: :: zl()
_ 8m1Vin\/Tds1 Cq gm2VilN/ raso ¢ C3
_l_ ° Fi CS 4-3
Current’ Amplifier ig. 54-
1 1 W./L,

Rm=§RM=E and A,:m.

Frequency response:

_ '(gm1+gds1) _ '(gm1+gds1) _ “8mi
pl B C1+C2 B de1+Cgsl+Cgs2+ng2 N de1+Cgs1+Cg52+ng2

Note that the bandwidth can be almost doubled by including the resistor, R.

(R removes C,; from p,)

CMOS Analog Circuit Design © P.E. Allen - 2016
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Example 20-2 - Performance of a Simple Current Mirror as a Current Amplifier

Find the small-signal current gain, A;, the input resistance, R;,,, the output resistance,
R,,;, and the -3dB frequency in Hertz for the current amplifier of previous slide if 10/ =
I, = 100pu A and W/L, = 10W} /Ly = 10pm/1pm. Assume that Cpy1 = 10fF, Coq1 = Cgp =
100fF, and ng2 = S0fF.

Solution

Ignoring channel modulation and mismatch effects, the small-signal current gain,

Wh/Ly

The small-signal input resistance, R;,,, 1s approximately 1/g,,; and is
1 1
Rin = RENUD104A = 46.9uS = 213K

The small-signal output resistance is equal to

1
R, = Ands = 250k€2.
The -3dB frequency is
46.9uS

W3dB = Hgofp = 180.4x100 radians/sec. —  fi3qg =28.7 MHz

CMOS Analog Circuit Design © P.E. Allen - 2016
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Wide-Swing, Cascode Current Mirror Implementation of a Current Amplifier

VbD Vbp

In(y) lour(y

lin Lout
— -«—
I

4
M3 2 :
VNBiasZ‘ﬂ"_' —{| M4

VIN VOUT

Mlj|——|_’M2

(o)
+

(o, T O
= 060610-01

1 Wh/L»
Rin="g 1> Rour= Tds28m4rds4 and A= W1/Ly

CMOS Analog Circuit Design © P.E. Allen - 2016
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Example 20-3 - Current Amplifier Implemented by the Wide-Swing, Cascode
Current Mirror

Assume that Iy and I of the wide-swing cascode current mirror are 1004 A. Find
the value of R;;,, R,,;;, and A; if the W/L ratios of all transistors are 182um/1um.
Solution

The input resistance requires g;,1 which is \/2:110-182:100 = 2mS

R;j; = 500Q2
From our knowledge of the cascode configuration, the small signal output resistance
should be

R,y = gmardsards2 = (2001uS)(250kQ2)(250kL2) = 125MQ
Because Vg1 = Vpgo, the small-signal current gain is

Wh/Ly
A= Wi/lLy ~

Simulation results using the level 1 model for this example give

R;,=497Q, R,,;=164.TMQ and A;=1.000 A/A.
The value of Vy for all transistors is

y 21000A
ON= \/110pA/NV2182~

CMOS Analog Circuit Design © P.E. Allen - 2016
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Low-Input Resistance Current Amplifier

To decrease R;;, below 1/g,, requires feedback but what kind of feedback?

Consider Blackman’s formulation for input resistance:

1 + RR(port shorted)
I + RR(port opened)

Ry = Ry(k=0)

Therefore, we want a configuration where the return ratio (RR) goes to zero when the port
is shorted. We know that the shunt configuration shown below accomplishes this.

Vbp Vbp
| Shunt | (5
1 b 2 ,
lin + Jo_ut
M1 _——L—[ m2
© L 12062500

It is easy to see that the return ratio for the input shorted is zero and the return ratio for
the input open is,

RR(port opened) = Ag,,17 451 # 0

Therefore based on these ideas, a low-input resistance realization is proposed on the next
slide.

CMOS Analog Circuit Design © P.E. Allen - 2016



Lecture 20 Low Input Resistance Amplifiers (6/24/14) Page 20-26

Low-Input Resistance Current Amplifier

Blackmann’s formula:

Choosing g,,1 as k, we see that, fin =0
_>
Rx(kz()) = TIds1 Em3Ves3 +
. . . D Vin Vgs3 ¥ ds3 Vgsl
The circuits for calculating S SmigstY Tasi o
the shorted and open Fig. 5.4-5
return-ratios are: Current Amplifier
l =0 lx =0 l =0
8m3Vgs3 --- gm3Vgs3 -
Vy = 0 @ %v 3 v @ %v 3 v
88 r'ds3 ¢ 88 rds3 ¢
mlVe Tdsl o --- gmlvc T'ds1 P
100327-02
C
RR(vy=0): =0 RR(ix=0): ve=- Vgs3(1+ 8m3rds3) = - 8m1Tds1 1+ 8m3rds3)ve’
Vc
RR(i,=0) = - o = gm1rds1 (1+ &m3rds3)

1+0 1
"1 + gn1ras1 (14 gm3rds3) = 8m18m37ds3
Small signal analysis gives the same result and is much easier to calculate.

Finally, R, =Rj;; =

CMOS Analog Circuit Design © P.E. Allen - 2016
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Differential-Input, Current Amplifiers

Definitions for the differential-mode, i,,, and common-mode, i,., input currents of the
differential-input current amplifier.

. . . o 1+,
lo = A[DllD == AIClIC = AID(ZI - lz) + AIC( 9) )

Implementations:
VDD

VbD DD VDD _1\./[3 Mf_

1 o1 (v )1 3

(o - —O . < | | + | L »

= S — T
1] M2 —_ =

Ms |7, M6
L dFHL <

L —-_+_— Fig. 5.4-7

CMOS Analog Circuit Design © P.E. Allen - 2016
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SUMMARY

e Low input resistance amplifiers use the source as the input terminal with the gate
generally on ground

* The input resistance to the common gate amplifier depends on what is connected to the
drain

» The voltage driven common gate/common source amplifier has one dominant pole
e The current driven common gate/common source amplifier has two dominant poles

* The cascode amplifier eliminates the input dominant pole for the current driven
common gate/common source amplifier

e Current amplifiers have a low input resistance, high output resistance, and a defined
output-input current relationship

 Input resistances less than 1/g, require feedback

However, all feedback loops have internal poles that cause the benefits of negative
feedback to vanish at high frequencies.

In addition, feedback loops can have a slow time constant from a pole-zero pair.
e Voltage amplifiers using a current amplifier have high values of gain-bandwidth

e Current amplifiers are useful at low power supplies and for switched current
applications
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