Lecture 11: Cascode and
Buffered Operational Amplifiers
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Cascode Op Amps

Why Cascode Op Amps?
* Control of the frequency behavior
* Can get more gain by increasing the output resistance of a stage
* In the past section, PSRR of the two-stage op amp was insufficient for many
applications
* A two-stage op amp can become unstable for large load capacitors (if nulling resistor is
not used)
* The cascode op amp leads to wider JCMR and/or smaller power supply requirements
Where Should the Cascode Technique be Used?
» First stage -
Good noise performance
Requires level translation to second stage
Degrades the Miller compensation
* Second stage -
Self compensating
Increases the efficiency of the Miller compensation
Increases PSRR




Simple Single Stage Cascode Op Amp
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Ry of the first stage 1s Ry = (227 dsC27'ds2) | (EmCaAT dsCAT ds4)
Vol

Voltage gain = Vi = Em1R[ [The gain is increased by approximately 0.5(gpsc7 ds)]

As a single stage op amp. the compensation capacitor becomes the load capacitor.



Example: Single-Stage, Cascode Op Amp
Performance

Assume that all W/L ratios are 10 /1 um. and that Ips; = Ipsy = 50 uA of single

stage op amp. Find the voltage gain of this op amp and the value of C;if GBE = 10 MHz.
Use the model parameters of Table 3.1-2.

Solution
The device transconductances are
gm1 = &m2 = &mr=331.7 uS
e = 331.7US
gmea = 223.6 uS.
The output resistance of the NMOS and PMOS devices 1s 0.5 M£2 and 0.4 ME€2,
respectively.
Ry=125MQ
A,(0)=8290 V/V.
For a unity-gain bandwidth of 10 MHz, the value of C7is 5.28 pF.

What happens if a 100pF capacitor is attached to this op amp?
GB goes from 10MHz to 0.53MHz.



Two-Stage Op Amp with a Cascoded
First-Stage
IR
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Miller compensation to fail.
The voltage gain of this op amp could easily be 100.000V/V



Two-Stage Op Amp with a Cascode
Second-Stage
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Comments:

+ The second-stage gain has greatly increased improving the Miller compensation
» The overall gain is approximately (g,,7'4s)3 or very large

« Qutput pole, p7. is approximately the same if C, is constant

* The zero RHP is the same if C, is constant

+ PSRR is poor unless the Miller compensation is removed (then the op amp becomes
self compensated)



A Balanced, Two-Stage Op Amp
using a Cascode Output Stage
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This op amp is balanced because the drain-to-ground loads for M1 and M2 are identical.



Design Relationships for Balanced,
Cascode Output Stage Op Amp.
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Design of Balanced, Cascoded
Output Stage Op Amp

The balanced, cascoded output stage op amp is a useful alternative to the two-stage
op amp. Its design will be illustrated by this example. The pertinent design equations for
the op amp were given above. The specifications of the design are as follows:

Vpp=-—-VFgg=2.5V Slew rate = 5 V/us with a 50 pF load
GB = 10 MHz with a 25 pF load 4, = 5000
Input CMR =-1Vto+15V Output swing =+x1.5V

Use the parameters of Table 3.1-2 and let all device lengths be 1 .

Solution

While numerous approaches can be taken. we shall follow one based on the above
specifications. The steps will be numbered to help illustrate the procedure.

1.) The first step will be to find the maximum source/sink current. This is found from the
slew rate.

Isource/Isink = Cr x slew rate = 50 pF(5 V/us) = 250 uA
2.) Next some W/L constraints based on the maximum output source/sink current are
developed. Under dynamic conditions, all of Is will flow in M4 thus we can write
Max. Ioyi(source) = (Ss/S4)fs and Max. [, (sink) = (Sg/S3)15
The maximum output sinking current is equal to the maximum output sourcing current if
S3=54. Sg=5g and S1p=511



Design of Balanced, Cascoded
Output Stage Op Amp (cont)

3.) Choose Is as 100 uA. This current (which can be changed later) gives
S56=2.554 and Sg=2.55;
Note that Sg could equal 53 if 51y = 2.55. This would minimize the power dissipation.

4.) Next design for =1.5 V output capability. We shall assume that the output must
source or sink the 250uA at the peak values of output. First consider the negative output
peak. Since there is 1 V difference between Vs and the minimum output, let Fpsyi(sat) =
Vpsio(sat) = 0.5 V (we continue to ignore the bulk effects). Under the maximum negative
peak assume that Iy = I1» = 250 pA. Therefore
/ 211 [ 2112 [ 500 uA

0.5="\/K'¥S11 = \ | K'nS12 =\ (110 uA/V2)Sy;
which gives S1; =512 = 18.2 and S¢ = §1¢9 = 18.2. For the positive peak, we get

) f Efﬁ ,' 217 Iu" 500 A

0.5 ="\/KpSs = \| K'ps7 = "\ (50 nAV2)S;

which gives Sg = §7=Sg =40 and S3 =54 = (40/2.5) = 16.




Design of Balanced, Cascoded
Output Stage Op Amp (cont)

5.) Now we must consider the possibility of conflict among the specifications.
First consider the input CMR. 53 has already been designed as 16. Using I[CMR

relationship, we find that 53 should be at least 4.1. A larger value of 53 will give a higher
value of Vijz(max) so that we continue to use 53 = 16 which gives Fjp(max) = 1.95V.
Next, check to see if the larger W/L causes a pole below the gainbandwidth.
Assuming a C,, of 0.4fF/um? gives the first-stage pole of
“Em3 ~\2K’pS313
= = = - = 15 9 3 275
P3= Cgsi"'CgSE =(0.667)(W3L3+WgLg)C,, — 33.15x107 rads/sec or 5.275GHz

which is much greater than 10GB.

6.) Next we find g1 (g52). There are two ways of calculating g,1.

(a.) The first is from the 4, specification. The gain 1s
Ay = (gm1/2gma)(gme + gms) Rir

Note. a current gain of & could be introduced by making Sg/S4 (Sg/S3 =5711/53) equal to k.
gm6 _Sm11 _ |2KP Sels
gma= &m3 = \| 2Kp 5414 =

Calculating the various transconductances we get g4 = 282.4 uS, g6 = Zm7 = Zms =
707 uS, gm11 = gm12=T0T7 US, rgse = rg7 = 0.16 ML, and rys11 = rgs12 = 0.2 M.

Assuming that the gain 4, must be greater than 5000 and &k = 2.5 gives g1 = 72.43 uS.



Design of Balanced, Cascoded
Output Stage Op Amp (cont)

(b.) The second method of finding g1 is from the GB specifications. Multiplying the
gain by the dominant pole (1/CrRy) gives

Zm1(&m6 + Ems)
- 2emaCL
Assuming that Cr= 25 pF and using the specified GB gives g;;,1 = 251 uS.
Since this is greater than 72.43uS, we choose g,,1 = €,,2 = 251uS. Knowing I5 gives S1 =
Sr=5"7=6.
8.) The next step is to check that 7 and S» are large enough to meet the -1V input CMR
specification. Use the saturation formula we find that Fpss is 0.261 V. This gives S5 =
26.7 = 27. The gain becomes A, = 6,925V/V and GB = 10 MHz for a 25 pF load. We
shall assume that exceeding the specifications in this area is not detrimental to the

performance of the op amp.
9.) Knowing the currents and W/L values, the bias voltages Vyg1. ¥Ng? and Fpg> can be

designed.
The W/L wvalues resulting from this design procedure are shown below. The power

dissipation for this design is seen to be 2 mW. The next step would be simulation.
5;=5,=6 S;=S5.=16 S, =27
S.&ZS_-.:SE:q'D Sg: Sm:Sll:S]::lS.:



Technological Implications of the
Cascode Configuration

Fig. 6.5-3
If a double poly CMOS process is available, internode parasitics can be minimized.
As an alternative, one should keep the drain/source between the transistors to a minimum

darea.
Minimum Paly
4 separation
4 B C D
Bo—]
D LUCE Ty [ Dol
Co— e p substrate/well
.D -

Fig. 6.5-54



Input Common Mode Range for Two
Types of Differential Amplifier Loads
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In order to improve the ICMR, it is desirable to use current source (sink) loads without
losing half the gain.
The resulting solution is the folded cascode op amp.



The Folded Cascode Op Amp
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* 4 and 5. should be designed so that Ig and I7 never become zero (1.e. [4=I5=1.513)

* This amplifier is nearly balanced (would be exactly if R 4 was equal to Rg)

* Self compensating

* Poor noise performance. the gain occurs at the output so all intermediate transistors
contribute to the noise along with the input transistors. (Some first stage gain can be
achieved if R 4 and Rp are greater than gy;1 or g;;2.



Small-Signal Analysis of the Folded
Cascode Op Amp
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The small-signal voltage transfer function can be found as follows. The current 7q;is
written as
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Frequency Response of the Folded
Cascode Op Amp

The frequency response of the folded cascode op amp is determined primarily by the
output pole which is given as

-1
Pout = RpyiCout
where C,,,; is all the capacitance connected from the output of the op amp to ground.
All other poles must be greater than GB = gy,1/Cpys. The approximate expressions for

each pole is

1.) Pole at node A: Pa=-2m6'Cy

2.) Pole at node B: Pg=-gm7Cg

3.) Pole at drain of M6: Ps=-Zm10/Cs

4.) Pole at source of MS: Pg = ~(2m8Tds’8€m10)/ Cy
5.) Pole at source of M9: Pg = =20/ Cg

where the approximate expressions are found by the reciprocal product of the resistance
and parasitic capacitance seen to ground from a given node. One might feel that because
Rpis approximately 7, that this pole might be too small. However, at frequencies where
this pole has influence. C,,,. causes R,,; to be much smaller making pp also non-
dominant.



Example: Folded Cascode, CMOS
Op Amp

Assume that all gy, = gy = 100uS, 17y = 2MQ, rj.p = IME2, and C7 = 10pF. Find all
of the small-signal performance values for the folded-cascode op amp.

0.4x109(0.3x10-9)
Rir=04GR R4y =10k, and Rg=4MEL2 . k= 100 =1.2

Vour (241.2)
o ] (100)(57.143) = 4,156 V/V

i

Royut = Rir Wgmtr gs7(r gsslirge2)] = 400MEI[(100)(0.667TMQ)] = 57.143ME2

1 |
0wt =R uiCons = 57.143MQ-10pF = 1,750 rads/sec. = 278Hz = GB=1.21MHz




PSRR of the Folded Cascode Op Amp

Consider the following circuit used to model the PSRR-;

Vpbp
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This model assumes that gate, source and drain of M11 and the gate and source of M9 all
vary with Vgg.

We shall examine V,,,#/ Vs rather than PSRR-. (Small V,,+/V, will lead to large PSRR-.)
The transfer function of ¥,,,/¥V, can be found as

Vour ~ 5CgdoRout for € -
Ves = SCoplRoyum1 of (—-gdg - -out

The approximate PSRR- is sketched on the next page.




Frequency

Response of the PSRR- of the

Folded Cascode Op Amp

A m-":m:' i
1 |

1 |
Dominant,

pole frequency
1 1
: \: ) » logiolw)
i I GB
___________
I
___'_\_\__:/ ILI%‘ Fig. 6.5-10A

Other sources of ;. injection. 1.e. 14:0

We see that the PSRR of the cascode op amp is much better than the two-stage op amp.



Design Approach for the Folded-

Cascode Op Amp

Step Relationship Design Equation/Constraint Comments
1 |Slew Rate I3=5R-Cy
2 | Bias currents in Avoid zero current in

output cascodes

Iy=1I5 =1.213t0 1503

cascodes

3 | Maximum output 3 e 204 Vepsisat)=Fgp7(sat)
voltage, 5= 7.9 7. (S4=S5 and Sg= S7) = 0.5[Fp -V dmax
Z€. ST K Verc2 9 S, 5 7) S[Vpp-Voyudmax)]
Vo fmax) P Y505 &P VSD7
4 | Minimum output 2111 27, Vnsolsat)=Fpg1 1(sat)
1'::|lr:4:ge. x 31 I_K-‘-{- I”D.Ellj : '59_5;'3.‘_-' FD.EQE . (S10=S11and Sg=Sg) |= 0.5[Vymin)-Fss]
Vg flmmin) : :
5 _Em1 gm12 GBIcql
GB="ct S1=5-Ky' 53 = Kn'T3
6 |Minimum input 23
CM S3 = . S .
K’ \Fpy |:~1111nx|—P’S-S-ﬂ\‘,'tji,-ﬁ‘?\.-' S1)-Fr) ™
7 | Maximum mput 2y 5 S4 and S5 must meet or
CM 54=55%g P (VD D-Vip(max)+F7r1y exceed value in step 3
8 Iflfterenu_al. Vout |"£' ml  Em?2 B | 2+k "l  RifgdsatEasa)
Voltage Gam Vg 2 T 21K Rout = \ 22K EmRout K= ZmTrdsT
9 | Power dissipation | Pgics = (Fpp-Fss){3+10+11)




Example: Design of a Folded-Cascode
Op Amp

Follow the procedure given to design the folded-cascode op amp when the slew rate is
10V/us, the load capacitor is 10pF, the maximum and minimum output voltages are =2V
for £2.5V power supplies, the GB is 10MHz, the minimum input common mode voltage
is -1.5V and the maximum input common mode voltage is 2.5V. The differential voltage
eain should be greater than 5.000V/V and the power dissipation should be less than
SmW. Use channel lengths of 1xm.
Solution
Following the approach outlined above we obtain the following results.
I3 = SR-Cp = 10x106-10-11 = 100 A
Select Iy =15 =125uA.
Next, we see that the value of 0.5(Vpp-V,,{max)) is 0.5V/2 or 0.25V. Thus,
2-125uA 2-125-16
54=155=304A/VZ(0.25V)2=" 50 =80
and assuming worst case currents in M6 and M7 gives,
2-125uA 2-125-16
S6 =57 =350uA/N2(0.25V)2=_ 50 =380

The value of 0.5(V, (min)-¥ggl) is also 0.25V which gives the value of Sg, Sg. §jg and
213 2-125 |
S11as  Sg=S89g=S1p=511= e VDSSE = 110.(025}2 = 36.36




Example: Design of a Folded-Cascode
Op Amp (cont)

In step 5, the value of GB gives S; and S, as

- GBXC?  (20mx106)2(10-11)2
S1=52="Ky1; = 110x100-100x10-0 =3

The minimum input common mode voltage defines Sy as

213 200x10-6

53: f I,_a A = I|' 1':'0 \ —916

Ky me(lﬂiH]— Vglg-\lflm - VTLF} 110x10- G‘ 1.5+2.5 A\J 110-35.9 0.7

9

U]

We need to check that the values of 54 and S5 are large enough to satisfy the maximum
input common mode voltage. The maximum input common mode voltage of 2.5 requires
GG s 21 2-125uA
= ; . T = - - ! = i
1= = Kp' [Vpp-Vip(max)+¥r]= = 50x10-6uA/V2[0.7V]-

which is much less than 80. In fact, with 54 = 55 = 80, the maximum input common

=10.2

mode voltage is 3V,
The power dissipation is found to be
Paiss = SV(125uA+125A) = 1.25mW



Example: Design of a Folded-Cascode
Op Amp (cont)

The small-signal voltage gain requires the following values to evaluate:
S4. S5 gy =+2-125-50-80 = 1000xS and gy = 125x10-9-0.05 = 6.25uS
Se. S7: @ =2-75-50-80 = 774.64S  and gy = 75x10-6-0.05 = 3.75uS
Sg. Sg, S10. 5110 & =+2-75-110:36.36 = 774.6xS and gy, = 75x10-0-0.04 = 3S
51. 52 gu7=+2-50-110-35.9 = 628uS and g, = 50x10-9(0.04) = 2uS
Thus,

3 1yl
Ry = gmordsords11 = (7 -"4-'5}=‘SJ|__5 ;;5_||_m_,| = 86.07TMQ

- B (1 | \
Ry = 8&.0_-"}*19”( "'IJ"GJ”SJ|.3.TS}:S.||._2;:S+6.25}'{5_} = 19.40MZ8C2

Rifgas2+8ds4)  86.0TMQ(2S+6.255¢5)(3.75u8S) }
= &mTdsT 774645 = 3.4375
The small-signal. differential-input, voltage gain is

| 2+ | 2+43.4375) L
Ayg = lm EmiRout = {246,875 ) 0.628x10-3-19.40x100 = 7,464 V/V

The gain is larger than required by the specifications which should be okay.



Comments on Folded Cascode Op Amps

* Good PSRR
* Good ICMR
+ Self compensated

* Can cascade an output stage to get extremely high gain with lower output resistance
(use Miller compensation in this case)

* Need first stage gain for good noise performance

* Widely used in telecommunication circuits where large dynamic range is required



Enhanced-Gain, Folded Cascode
Op Amps

If more gain is needed, the folded cascode op
amp can be enhanced to boost the output \:] LJ
I I M1

impedance even higher as follows. M10

Vest 7 M3
1 V.
VN JMH'_'I' 4 I Mo
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T

Your
T

OG0T R-03
where

Rout = [Ards78m7(rds1|7ds35)]l| (AT dsogmoTds11)
Since 4 = g;,°ds the voltage gain would be in the range of 100,000 to 500.000.

Note that to achieve maximum output swing. it will be necessary to make sure that M35
and M11 are biased with Vg = Fps(sat).



What are the Enhancement Amplifiers?

Requirements:

1.) Need a gain of g7 Js.

2.) Must be able to set the dc voltage at its input to get wide-output voltage swing.
Possible Enhancement Amplifiers:

¢ VoD
Vep1 ol
Vin «— M4 Vin
N M3
[
Vout M2|., y M2\,
P— — DD —_ LID:"(SHL}
1'I”u'f ﬁ,‘fﬂ_}_ | __ > \J‘i;’-ﬂ(sﬂl} '|_-"”u_iI __ )
E—’Ia Y |
—

060718-05



Frequency Response of the Enhanced
Gain Cascode Op Amps

Normally. the frequency response of the cascode op amps would have one dominant pole
at the output. The frequency response would be,

‘Roud1/sCoyp) ] gm1Rout Em1Rout
AVS) = EmU\ Rour T15Cour) = SRourCour T1 - S
1 -
P1
If the amplifier used to boost the output resistance had no frequency dependence then the
frequency response would be as follows.
Gain (db)

100dB | .
t <+ Enhanced Gain Cascode Op Amp
80dB i ,
AN y

60dB | Normal t.‘zw:ndb:
Op Amp

40dB

lp(enh)l Ipl GB>

0dB > logjpw

(o029 (2



Frequency Response of the Enhanced
Gain Cascode Op Amps (cont)

* Does the pole in the feedback amplifier 4 have an influence?

Although the output resistance can be modeled as,

:“l
1-
_ p24o
Rout’ = Routdo Kl
p
it has no influence on the frequency response because C,,,; has shorted out any
influence a change in R,,;; might have.

* Higher order poles come from a diversion of the current flow in the op amp to ground

rather than the intended destination of the current to the output. These poles that divert
the current are:

- Pole at the source of M6 (4g;,6/Cg) - Pole at the source of M7 (A4g;,,7/C7)
- Pole at the drain of M8 (4g,,10/Cg) - Pole at the source of M9 (4g,,0/Cg)
- Pole at the drain of M10 (g;,87 ds82m10/C10)

Note that the enhancement amplifiers cause all higher-order poles to be moved out by |4].

Therefore. the GB of the enhanced gain cascode op amp should be able to be increased by
14|



Buffered Op Amps



Buffered Op Amps

 |llustrate the method of lowering the output
resistance of simple op amps
— Open-loop MOSFET buffered op amps

— Closed-loop MOSFET buffered op amps (shunt
negative feedback)

— BJT output op amps
 Show examples



What is a Buffered Op Amp?

« A buffered op amp is an op amp with a low value
of output resistance, R,.

10Q < R <1000Q
 The result is a voltage-controlled, voltage-source
amplifier.
— Requirements are generally the same as for the
output amplifier:

* Low output resistance
« Large output signal swing
« Low distortion
 High efficiency



The Source Follower as a Buffer

Class-A Follower:
* Simple, gain < 1
* Lower efficiency

* Royt = ~ 500 to 10009

gm T &mbs

* Level shift from input to output

Push-Pull Follower:

* Voltage loss from 2 cascaded followers

* Higher efficiency

* Current in M1 and M2 determined by:
VGsa T VsG3 = VGs1 T VsG2

I|I 21 G I,' 27 5
N\ K TaLy) T \| Kp (W3/L3)
" 25 [ 21

= )\Iﬂ Kﬂ f{ 'F[.'f’l,-"l l'} T \I,' Kp f{ F[’Efllj

Use the WYL ratios to define [1 and 7> from 75 and I

VoD
Fy




Two-Stage Op Amp with Follower
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Source-Follower, Push-Pull Output
Op Amp
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Mg L '
Fss Buffer Fig. 7.1-1

5 = 10002, 4,(0)=65dB (IBjas=50A), and GB = 60MHz for C = IpF



Compensation of Op Amps with
Output Amplifiers

Compensation of a three-stage amplifier:

This op amp introduces a third pole. p’3 (what Ip‘ﬂzs . Pole p3'
1 ana oo
about zeros?) / /
71 i O 3
With no compensation. Ve + 2 | : — Vour
Vour(s) ~dyo ] Crori RL7-
Vins) =1 s s s T Unbuffered OQutput | ‘=
p1 e el pamw swge T ey
Illustration of compensation choices:
& Jm F 3 _][:."
J . O Compensated poles
® Uncompensated poles
P2
—= > O AR i
1" Pl p=py P2 PPt
Miller compensation applied around Miller compensation applied around

both the second and the third stage. the second stage only. Fig. 7.1-5



Crossover-Inverter, Buffer Stage Op Amp

Principle: If the buffer has high output resistance and voltage gain (commeon source), this
is okay if when loaded by a small Ry the gain of this stage is approximately unity.

:
7
i M7 | M3 M4 l: M6
L1 Bias i
| v Ci Ca : Vit
R Y Rt vl I T
i ‘ | =7
P : M1 M2 | i
O = [T l_ 1 _ 1=
Ve M | | I
Input i ] . ; L
stage Lo_____Crossoverstage Vgg Quput Stage; 06070604

This op amp is capable of delivering 160mW to a 100£2 load while only dissipating 7mW
of quiescent power!



Crossover-Inverter, Buffer Stage Op Amp
- Continued

How does the output buffer work?
The two inverters, M1-M3 and M2-M4 are designed to work over different regions of the

buffer input voltage, vy, .

Consider the idealized voltage transfer characteristic of the crossover inverters:
Voo

F A
E | VDE' Verpat L
14 MT‘__ M5 A, " M1
I M1 -M3 Co
' v Inverier M6 Satur,* i Gl
e M5 5iu[|.|ru[u.{ atede” i
¥ |
M2 M3 Ry :
- ﬂ + . 'u”_ : : . -l__-r-ﬂl
= Vss Va Ve VoD

Ves 060706-05
Crossover voltage = Fpg=Vpg-V4=0
Ve is designed to be small and positive for worst case variations in processing.



Low Output Resistance Op Amp

To get low output resistance using MOSFETs. negative feedback must be used.

Ideal implementation:
VDD

Gamn Error [l—r}”ﬂ
Amplifier Amplifier
-4 Tout
. - —»
LHﬂZ’:l\ 7 T OVour
T -+

Error

Amplifier Cr == R %
MI1

lvee = = Fig.7.15A

Comments:
* The output resistance will be equal to r4s1||rds2 divided by the loop gain

* If the error amplifiers are not perfectly matched. the bias current in M1 and M2 is not
defined



Low Output Resistance Op Amp -
Continued

Offset correction circuitry:

Unbuffered
Oop amp

--------------- ' Vss Fig. 7.1-6
The feedback circuitry of the two error amplifiers tries to insure that the voltages in
the loop sum to zero. Without the M9-M12 feedback circuit, there is no way to adjust the
output for any error in the loop. The circuit works as follows:

When Fpogs is positive, M6 fries to turn off and so does M6A. Info reduces thus
reducing Inn2. A reduction in Ijpn2 reduces Iysy thus decreasing Fissa. Vessy ideally
decreases by an amount equal to Fos. A similar result holds for negative offsets and
offsets in E42.



Low Output Resistance Op Amp -
Continued

Error amplifiers:

I e

| : i

: : :__l

s SIS MOA (i
! !




Low Output Resistance Op Amp —
Complete Schematic

oo

II'J X |I‘J A4 iN L L 1 |_.“ 1E-‘rBiEar.-P'
M16 |_: J T —r
1:; I: 3H| ML nP4 - MP3A MSA
- e T NP5
P EJ:I}_E\A MP4A

_|
e m]rgﬁ e

M6

MI17 M MN3 MIN4 M13

+ 4 = I a A

R N g
Vs I

Short circuit protection(max. output £60mA):
MP3-MN3-MN4-MP4-MPS5
MN3A-MP3A-MP4A-MN4A-MNSA

Vds6llTds64  S0KQ
Rout = Toop Gain ~ 5000 — 102




Simpler Implementation of Negative Feedback
to Achieve Low Output Resistance

d) MM M|

2004 |10/1] 1/1 1/1[10/1
1 I LQ out Output Resistance:

o——1 YMr M2 ] Cr R,
Vin 10/1 10/ Routr=1+1G

B 1 1 where
1 :“ | M3 1
M0 [To7] 11 10/1 Ro = gasst&ast
MS_] M7 and
. o m2
Vss Fig. 7.1-9 LG = ;o 4 {.:'r:a 6 Em7 )R

Therefore, the output resistance is:

1

R =
out Em?2

":ga"s-:ﬁ‘l'gds?}{ !‘M:r ?4|[~»mi5 Em7)R |



Example - Low Output Resistance Using
Shunt Negative Feedback Buffer

Find the output resistance of above op amp using the model parameters of Table 3.1-2.
Solution

The current flowing in the output transistors, M6 and M7, 1s ImA which gives R, of

1 1000
R, = n+/p)1mA =0.09 = 11.11k&2

To calculate the loop gain, we find that
gm2 =~J2Ky -10-100pA = 469uS
Emd = ‘\H"IEKP.' 1-100pA = 1005
and
Em6 = W,J'IEKPI' 10-1000p A = ImS

Therefore, the loop gain is

469 _
ILGl =1pp 12-11.11 =104.2
Solving for the output resistance. R,,;. gives

11.11k€2 _
Rour =1 + 1042 = 10682(Assumes that Ry is large)



BJTs Available in CMOS Technology

Ilustration of an NPN substrate BJT available in a p-well CMOS technology:

Emitter Base C'ﬂ]lec’g.;:r
> (Vo) Collector (Fpp)
- Dase
p- well (Base) —
n- substrate (Collector)
Emtter

Fig 7.1-10
Comments:
* o, of the BIT is larger than the FET so that the output resistance w/o feedback is lower

* Can use the lateral or substrate BJIT but since the collector is on ac ground, the substrate
BIT 1s preferred

* Current is required to drive the BJT



Two-Stage Op Amp with a Class-A BJT
Output Buffer Stage

Purpose of the M§-M9 source Voo
follower: \jl 1 M3
1.) Reduce the output resistance M e
(includes whatever 1s seen from Vin m
the base to ground divided by oF :°_| ML M2
1+BF) N }J_{
2.) Reduces the output load at the Mz JHH e
drains of M6 and M7 }"513;“ i 1
Vs
Small-signal output resistance :
T10 + (1/gmo) 1 1
Rout * 1+ = gm0 " gma(1+5R)
=51.682+6.7€2 = 58.322 where I;;=500u A, Ig=100p A, Wo/Lo=100 and Fgis 100

| 2Kp’ "'f 10
510/

voyr(max) = Vpp - Vspg(sal) - vez10 = Vpp - "\ T(Wy/Lg) - Vi 1n
Voltage gain:

Vout ‘ Eml ” Emé || Em? gmlofL ‘
Vin ~ \€antEdsa\8as6+Eas7\ Emo+ Embso+Eass+E 10N 1 +Em10R L)

Compensation will be more complex because of the additional stages.




Example - Designing the Class-A,
Buffered Op Amp

Use the parameters of Table 3.1-2 along with the BJT parameters of I, = 10-14A and

Jig =100 to design the class-A, buffered op amp to give the following specifications.
Assume the channel length is to be 1m.
Vpp =25V Vss=-25V GB=5MHz 4,;(0)=5000V/V Slew rate = 10V/us
Ry =500  R,,=<10082 C;=100pF ICMR=-1Vto2V
Solution

Because the specifications above are similar to the two-stage design of Ex. 6.3-1, we
can use these results for the first two stages of our design. However, we must convert the
results of Ex. 6.3-1 to a PMOS input stage. The results of doing this give W= W =
6pum, W3 = Wy="Tum. W5 =11lum, Wg=43um, and W7 = 34um.
BJT follower:

SR = 10V/us and 100pF capacitor give I1; = lmA.

If W13 =44um, then Wy = 44;m (1000 A/30pA) = 1467 pm.

I11=1mA = l/g;y10= 0.0258V/ImA = 25.8Q2
MOS follower:
To source 1mA., the BIT requires 20 A (G =100) from the MOS follower.

Therefore, select a bias current of 100 A for MS.
If Wy> =44um, then Wg = 44pm(100pxA/30uA) = 146pm.



Example - Designing the Class-A,
Buffered Op Amp

If 1/g,,10 1s 25.8€2, then design g,,g as
1 1 |

1
gmio ~ Emo(1+6p) = S = &m9= (25.8Q)(1+8F) = 25.8-101 7 3845

gﬂfg Ei:[ldfg = W/L =67
To calculate the voltage gain of the MOS follower we need to find g,,3:9.
Em9N 384-0.4 L
2\2¢F + Vgso ~ 2N0.7+2 ~ O
where we have assumed that the value of Fggg is approximately 2V.
384u5S _
Ap0s =384 5+46.745+415+558 = 0-873
The voltage gain of the BIJT follower is
500 i
Apr=75.8+500 =0.951 VIV

Embs9 =

Thus, the gain of the op amp is
Ay(0) = (7T777)(0.873)(0.951) = 6459 V/V
The power dissipation of this amplifier is,
Pgice =5V(1255uA) = 6.27TmW



Summary

* A buffered op amp requires an output resistance between 1082 < R, < 100082
* Qutput resistance using MOSFETs only can be reduced by,
- Source follower output (1/g,,)
- Negative shunt feedback (frequency is a problem in this approach)
+ Use of substrate (or lateral) BJT's can reduce the output resistance because g,, 1s larger
than the g,, of a MOSFET

* Adding a buffer stage to lower the output resistance will most likely complicate the
compensation of the op amp



High Frequency Op Amps



HIGH SPEED/FREQUENCY OP AMPS

* Increase the GB of operational amplifiers
— Extending the GB of conventional op amps

e Cascading of Amplifiers
— Voltage amplifiers
— Voltage amplifiers using current feedback



INCREASING THE GB OF OP AMPS

What is the Influence of GB on the Frequency Response?
The unity-gainbandwidth represents a limit in the trade-off between closed loop voltage
gain and the closed-loop -3dB frequency.
Example of a gain of -10 voltage amplifier:
Magnitude

F
|4vg(0) dB f-----

Op amp frequency response

N
~
.

Y
e

/, Amplifier with a gain of -10

;\ » logyglom)
o4 w_3dE GB’\ Fig 7.2-1

20dB

0dB

What causes the GB?
We know that
Em
GB="¢
where gy, is the transconductance that converts the input voltage to current and C is the
capacitor that causes the dominant pole.
This relationship assumes that all higher-order poles are greater than GB.



What is the Limit of Gain-Bandwidth?

The following illustrates what
happens when the next higher pole is
not greater than GB:

For a two-stage op amp, the poles
and zeros are:

~Eml

1.) Dominant pole  pj = 4,(0)C,

“Emb
L

2.) Output pole Py =

: ~Em3
3.) Mirror pole

-1
PA=RCyr

-1

4.) Nulling pole

Maglfitude
4y (D) dB [=---~ Ex“,,\ / Op aump frequency response
i H\“‘ Amplifier with a gain of -10
20dB _ 'Eim hig{p@ - Ni *‘:~\ -dfdﬁ.:’dcc
e e

5.) Nulling zero

1 T RCe(Celgme)

P3 = Cgy3tCysq 80 23 =2p3



Higher Poles

For reasonable phase margin, the smallest higher-order pole should be 2-3 times larger
than GB if all other higher-order poles are larger than 10GB.

A

A (0) dB =
Larger non- Smallestnon-  Dominant 4 i
dominant poles dominant pole  pole \ [’ i
-10GB -GB i
0dB F:B l“’{?f; =
Lb U log oo
A(0) GB : £ jou

(MTOE-0]

If the higher-order poles are not greater than 10GE, then the distance from GB to the
smallest non-dominant pole should be increased for reasonable phase margin.



Increasing the GB of a Two-Stage
Op Amp

1.) Use the nulling zero to cancel the closest pole beyond the dominant pole.

2.) The maximum GB would be equal to the magnitude of the second closest pole beyond
the dominant pole.

3.) Adjust the dominant pole so that 2.2GB = (second closest pole beyond the dominant
pole)

[lustration which assumes that p7 is the next closest pole beyond the dominant pole:

Jog
) o \ﬁ | -
ray L) s ro
S I L 1= -1 1 |
Magnitude Hew Old
&
Ayg(0) dB Old New
B B
- P4|lp3
Increasq | » log10(w)
0dB Old New > 10E10
lp1 p1] Before cancelling

_40dB/ deu: }.\q—pi by z1 and
-60dB/ de-: mcreasing pq



Example - Increasing the GB of the
Two-Stage Op Amp DeS|gn

Use the two-stage op amp designed

in Example 6.3-1 and apply the above e -

. - I -
approach to increase the gainbandwidth R Co=3pF "
as much as possible. T ] < Vou

Solution
1.) First find the values of ps, p3, and py4.

(a.) From Ex. 6.3-2, we see that i~ 14um
Py =-94.25x100 rads/sec. pp] e
Fig. 72-34

(b.) p3was found in Ex. 6.3-1 as
p3=-2.81x109 rads/sec. (also there is a zero at -5.62x10° rads/sec.)
(c.) To find p4. we must find C; which is the output capacitance of the first stage of the
op amp. Cyconsists of the following capacitors,
Cr=Cpa2 + Cpgy + Cgso + Cggn + Cgga
For Cpy» the width is 3pm = LI1+L2+4L3=3um = AS/AD=9um?2 and PS/PD=12pm.
For Cpg44 the width is 15pm = L1+L2+4L3=3m = AS/AD=45uym? and PS/PD=36um.
From Table 3.2-1:
Chd2 = (9;;111!—)( 770x10-6F/m2) + (12xm)(380x10-12F/m) = 6.93fF+4.56fF = 11.5fF

Chdd = (451m2)(560x10-F/m2) + (36,m)(350x10-12F/m) = 25.2fF+12.6F = 37.8fF



Example - Increasing the GB of the
Two-Stage Op Amp Design

Cgse 1s given by Eq. (10b) of Sec. 3.2 and is
Cos6=CGDO-W5+0.67(Cpy: WsL5)=(220x10-12)(94x10-0)+(0.67)(24.7x10-4)(94x10-12)
= 20.7fF + 154.8fF = 175.5fF
Cgdy = 220x10-12x3um = 0.66fF  and Cgg4 = 220x10-12x155m = 3.3(F
Therefore, C; = 11.5fF + 37.8fF + 175.5fF + 0.66fF + 3.3fF = 228.8{F. Although Cj»
and Cpyq will be reduced with a reverse bias, let us use these values to provide a margin.

In fact, we probably ought to double the whole capacitance to make sure that other layout
parasitics are included. Thus let C; be 3001F.

In Ex. 6.3-2, R. was 4.591kQ which gives py =- 0.726x10° rads/sec.
2.) Using the nulling zero, z;. to cancel p», gives py as the next smallest pole.
For 60° phase margin GB = Ipyl/2.2 if the next smallest pole is more than 10GB.

GB =0.726x109/2.2 = 0.330x109 rads/sec. or 52.5MHz.
This value of GB is designed from the relationship that GB = g,,1/C,.. Assuming g;,1 is
constant, then C = g;y1/GB = (94.25x10-6)/(0.330x109) = 286fF. It might be useful to
increase gy] in order to keep C, above the surrounding parasitic capacitors (Cgds =

20.7fF). The success of this method assumes that there are no other roots with a
magnitude smaller than 10GEB.



Example - Increasing the GB of the
Folded Cascode Op Amp

Use the folded-cascode op amp designed in
Example 6.5-3 and apply the above approach to
increase the gainbandwidth as much as possible.
Assume that the drain/source areas are equal to
2um times the width of the transistor and that all
voltage dependent capacitors are at zero voltage.
Solution

The poles of the folded cascode op amp are:

-1
P4=R,C, (the pole at the source of M6 )

- 1 =L 6062811
PB=RgzCy (the pole at the source of M7)

~Eml0 , .
P6="Cg (the pole at the drain of M6)

~Em8! ds8Em10
pg = Cs (the pole at the source of MS§)

-Em9

po = Co (the pole at the source of M9)




Example - Increasing the GB of the
Folded Cascode Op Amp (cont)

Let us evaluate each of these poles.
1.) For p 4. the resistance R 4 is approximately equal to g;,5 and C 4 is given as
C4q = Cgs6 + Cpdl + Cgdl + Chda + Chst + Cedy
From Ex. 6.5-3, g, = 744.6uS and capacitors giving C 4 are found using the parameters
of Table 3.2-1 as,
Cgs6=(220x10-12-80x10-9) + (0.67)(80x10-6-10-0-24.7x10-%) = 149fF
Chdl = (770x10-6)(35.9x10-6-2x10-6) + (380x10-12)(2-37.9x10-6) = 84{F
Cgdl = (220x10-12-35.9x10-6) = 8fF
Chd4 = Cprse = (560x10-6(80x10-6-2x10-6) + (350x10-12)(2-82x10-6) = 147{F
and
Cgds = (220x10-12)(80x10-6) = 17.6fF
Therefore,
C4 = 1491F + 84fF + 8fF + 147fF + 17.6fF + 147fF = 0.553pF
Thus,

-744.6x10-6 _
PA=0553x10-12 = -1.346x107 rads/sec.

2.) For the pole, pg, the capacitance connected to this node is

CB = Cgd2 + Chd2 + Cgs7 + Cgds + Chds + Chs7



Example - Increasing the GB of the
Folded Cascode Op Amp (cont)

The various capacitors above are found as

Cem = (220x10-12:35.9x10-6) = 8fF

Crap = (770x10-6)(35.9x10-6-2x10-6) + (380x10-12)(2-37.9x10-6) = 84{F

Ces7 = (220x10-12-80x10-6) + (0.67)(80x10-6-10-6-24.7x10-4) = 140fF

Cegs = (220x10-12)(80x10-6) = 17.6fF
and

Chas = Che7= (560x10-6)(80x10-6:2x10-6) + (350x10-12)(2-82x10-6) = 147fF
The value of Cp is the same as €y and g, 1s assumed to be the same as g,,7 giving pg =
pPa=-1.346x10° rads/sec.
3.) For the pole, ps. the capacitance connected to this node is

Ce= Coa + Cegdgs T Cgsg T Cis0
The various capacitors above are found as

Cras = (560x10-6)(80x10-6-2x10-6) + (350x10-12)(2-82x10-6) = 147{F

Cesg = (220x10-12-36.4x10-6) + (0.67)(36.4x10-6-10-6-24.7x10-4) = 67.9{F
and
Therefore,

Cs = 147fF + 17.6fF + 67.91fF + 67.9fF= 0.300pF



Example - Increasing the GB of the
Folded Cascode Op Amp (cont)

From Ex. 6.5-3, g;,6 = 744.6x10-6. Therefore, pg. can be expressed as

744.6x10-6
-P6 =0 300x10-12 = 2-482x109 rads/sec.

4.) Next. we consider the pole, pg. The capacitance connected to this node is
Cs= Chaa10 + Cga10 + Cgsg + Chss
These capacitors are given as,
Chsg = Chrg1o = (770x10-6)(36.4x10-6-2x10-6) + (380x10-12)(2-38.4x10-6) = 85.2fF
Cgsg = (220x10-12-36.4x10-9) + (0.67)(36.4x10-0-10-0-24.7x10-4) = 67.9fF
and
Ceqio = (220x10-12)(36.4x10-6) = 8fF
The capacitance Cg is equal to
Cg = 67.91F + 8fF + 85.2fF + 85.2fF = 0.246pF
Using the values of Ex. 6.5-3 of 774.6j5, the pole pg is found as.
P8 = gm8rds8 em10/C8 = -774.61S-774.61S-/3:S5-0.246pF = - 812.4x109 rads/sec.
5.) The capacitance for the pole at po is identical with Cg. Therefore, since g0 is
774.6uS, the pole po is found to be -pg = 3.149x109 rads/sec.



Example - Increasing the GB of the
Folded Cascode Op Amp (cont)

The poles are summarized below:
pg=-1.346x109 rads/sec  pg=-1.346x109 rads/sec pg=-2.482x109 rads/sec
pg =-812.4x109 rads/sec  pg=-3.149x109 rads/sec
The smallest of these poles is p4 or pg. Since pg and pg are not much larger than p 4
or pg. we will find the new GB by dividing p 4 or pg by 6 (rather than 2.2) to get
224x106 rads/sec = 200x106. Thus the new GB will be 200/2x or 32MHz. The

magnitude of the dominant pole is given as

GB  200x106 ) |
Ddominant = 4,40) = 7.464 = 26,795 rads/sec.

The value of load capacitor that will give this pole is

1 1
CL = Diominant Rowt ~ 26.795%x103-19.4MO

Therefore. the new GB = 32MHz compared with the old GB = 10MHz.

= 1.9pF



The minimum circuitry for a cascode op amp is shown below:

Vb
+
Vin + VPRI

- h—

M4 Non-
+— dominant

Vegz «—[" M3 Pole
F-l".-'f!f'

Dominant Pole —» Tﬂ

Vg2« M2 T Cyp

" - " dominant
Vi 1 11-1"'."E| Pole

e a7 10-01

If the source-drain area between M1 and M2 and M3 and M4 can be minimized
dominant poles will be quite large.

Elimination of Higher-Order Poles

. the non-



CASCADED AMPLIFIERS USING
CURRENT FEEDBACK AMPLIFIERS

Advantages of Using Current Feedback
Why current feedback:

* Higher GB

* Less voltage swing = more dynamic range
What 1s a current amplifier?

Rio i
Lp_h : 12, R
11 4J
.
o—i+
Ri Current

Requirements:
ip = A(i1-12)
Rj1 = Rj2 =02
Ry =
Ideal source and load requirements:

Rsource = =

RI pad = 0Q



Bandwidth Advantage of a Current
Feedback Amplifier

Consider the inverting voltage amplifier

: =, ; I
shown using a current amplifier with "
negative current feedback: Ry i | i Mﬁz v
' . - — | In ‘out

1_"11& output c111‘1:en‘t. I, of the current  Vino—AAN, T v, —O
amplifier can be written as —f

- i ; ; Voltage

Io = Ad5)i1=12) = -A{() (T T 1,) : Current A=
The closed-loop current gain. i,/i;,. can be g 7.2-9 i Amplifier Buifer
found as

lg -A(5)

ij” = ].__c‘ij{-g)
However. vy = i,R2 and vy, = i;R1. Solving for the voltage gain, v /vy gives

Vout B 1R B |':'R}'_z l Ais) |
Vig  Igpftp — VR N 1+AHs))

'AG'
If A;i(s) =% . then
wg 1
Vout ['RE@ | A | | wa(1+4,) ‘ -RaA,
Vin — RN T, 5+ wg(174p)) = A0 =R\(1+4,) and | w3 = wy(174,)




Bandwidth Advantage of a Current
Feedback Amplifier (continued)

The unity-gainbandwidth is.

R4, R’!' R‘r
GB = |4,(0)| »_3dB = Ry(174,) ' @A(1740) =R 40'@4 =R, GBi

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

Note that if GB; is constant, then increasing R2/R1 (the voltage gain) increases GB.
HNlustration:

Magmtude dB . | R
Ra ( Ag 1 #,R'Gltﬂgﬁ' Amplifier, R > K
. dB
R‘l 1+:iﬂ
Voltage Amplifier, 5~ R = K=>1
- Ap X
Ky, ) B
© Current Amplifier
4, dB ¥ \
0dB | s
4 GE,\ GB\\G_E\ ;?glﬁﬂgﬂijﬁ

Note that GBy = GB1 > 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.



A Wide-Swing, Cascode Current Mirror
as a High Frequency Amplifier

The current mirror shown below increases the value of B> by increasing the output
resistance of the current mirror.

Voo
:‘fﬂ“‘l“’ll |"J ||qJ Ilfmg
| | M7 ] I"VIEI
113| I:l " M6
' — M5 ]
Ry
T I
| hM12
Vin R R l: Vout
o—P—ANN, A —o
IBias C*)
WE

MIS _.” T
;_]}J ML |—— 2 3*‘“9__]|——||__,rv111

Fss Fig. 7.2-12

Limitations:

1 — - -
Ry > oml and R < gmaldsa? ds2| Em6? ds6T ds8 = Ry =& Em1(E&malds4Vds2!|Em6" ds6l ds8)



Example - Design of a High GB Voltage
Amplifier using Current Feedback

Design the wide-swing, cascode voltage amplifier to achieve a gain of -10V/V and a
GB of 500MHz which corresponds to a -3dB frequency of S0MHz.
Solution

Since we know what the gain is to be, let us begin by assuming that C, will be
100fF. Thus to get a GB of 500MHz. R} must be 3.2k€2 and Ry = 32k€2. Therefore,
l/g,,1 must be less than 3200£2 (say 300€2). Therefore we can write

- 1 _ W w

gml =\2KI'(W/L) =300 — 5.56x1009=K"T-F — 0.0505=IF
At this point we have a problem because if #/L is small to minimize C),. the current will
be too high. If we select W/L = 200pm/1m we will get a current of 0.25mA. However,
using this W7L for M4 and M6 will give a value of C, that is greater than 100fF.
Therefore, select W/L = 200 for M1, M3, M5 and M7 and W/L = 20pm/1m for M2, M4,
M6, and M8 which gives a current in these transistors of 25 A.
Since R»/Rj is multiplied by 1/11 let Ry be 110 times R) or 352kE2.

Now select a W/L for M12 of 20pm/1pm which will now permit us to calculate Cj,.

We will assume zero-bias on all voltage dependent capacitors. Furthermore, we will
assume the diffusion area as 2um times the W. C, can be written as

Co = Cgd4 + Chd4d + Cegd6 + Chdb + Ces]2
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The information required to calculate these capacitors is found from Table 3.2-1.
The various capacitors are,

Ces = Cggs = CGDOX10pm = (220x10-12)(20x10-6) = 4. 4{F

Cpgy = CJRAD+CISWxPD,y = (770x10-6)(20x10-12)+(380x10-12)(44x10-6)

= 15.4fF+16.7fF = 32.1fF

Cras = (560x10-6)(20x10-12)+(350x10-12)(44x10-6) = 26.61F

Ces12 = (220x10-12)(20x10-6) + (0.67)(20x10-6-10-6-24.7x10-4) = 37.31F
Therefore,

Cp, = 4.4fF+32 1fF+4 AfF+26.6fF+37.3fF = 105fF

Note that if we had not reduced the W/L of M2, M4, M6, and M§ that C, would have
easily exceeded 100fF. Since 105fF is close to our original guess of 100fF, let us keep
the values of R; and R». If this value was significantly different, then we would adjust the
values of R; and R» so that the GB is 5S00MHz. One must also check to make sure that
the input pole is greater than 5S00MHz.

The design is completed by assuming that /gjgs = 100uA and that the current in M9
through M12 be 100pA. Thus W13/L13 = W14/L14 = 20pum./1gm and W9/Lg through
W12/L12 are 20pm/1 pm.
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Simulation Results:
f-3dB = 38MHz GB =300MHz  Closed-loop gain = 18dB
(Loss of -2dB 1s attributed to source follower and Ry)

Note second pole at about 1GHz. To get these results. it was necessary to bias the input
at -1.7VDC using =3V power supplies.
If Rq is decreased to 1Kk€2 results in:

Gain of 26.4dB, f.3gB = 32MHz, and GB = 630MHz



Current Feedback Amplifier

The difficulties of making the input resistance of the current amplifier small compared to
R1 can be solved with the following block diagram:
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Differential Implementation of the Current
Feedback Amplifier
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