Op Amp Design Series AICDesign.org

LECTURE 6 - HOW TO DESIGN
DIFFERENTIAL OUTPUT OP AMPS

Topics:
« Introduction to differential output op amps
Single stage differential output op amp design
Folded cascode differential output op amp design
- Class A
- Class B
Common mode stabilization
« Common mode feedback bandwidth

What will I learn?
« How to design op amps with a differential output to satisfy a given set

of specifications Dr. Phillip Allen
Prof. Emeritus, ECE, Georgia Tech Version 190521
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Differential Output Op Amp

Circuit Considerations

Vi1 Vo2
Symbol: 77
Definitions: A 7
Differential input voltage = v;; = vj; — vjp 0—
190509-02

Differential output voltage = v,y = Vo1 — Voo
Differential in-out voltage gain = A gir = Vod/Vig
Common mode input voltage = v, = 0.5(v;1 + vp)
Common mode output voltage = v, ., = 0.5(vp + V)
Common mode voltage gain = A,cm = Voorn/ Viem

The challenge for differential output op amps is to control the dc value of V.

Ideally, it should be midway between V5 and Vss.

Vod Vod Vod
A

(77575 S /
AN S A N M S e
= S I A ST /- |
Vg —=—ppeo="2_ - = VSq - =R 5y e Vep—rit----drord——-
CM output voltage properly defined, CM output voltage too large, CM output voltage too small,
Vocm = 0 Vocm= O'SVDD VOCITI= O'SVSS 070506-01

Differential Output Op Amp Design © P.E. Allen 2019

Slide 2




Op Amp Design Series

AICDesign.org

Single-Ended and Differential Loads

Differential Voltage Gain

Class A Loads:
« Differential Load

» Single-ended Loads

. _ (9mRL |, 9mRL
Voda = Vo1 — Vg2 = ( + )vid

4 4
_ ImRyL
= Apaifr = -

Class B Loads (Push-pull):
« Differential Load

Voa = ngLvid = Avdiff 7 ngL
» Single-ended Loads

_ _ (9mRL gmRL
Voa = Vo1 — Vo2 = 2 L, 2 id

= Apairr = gmRL

Vop

0.5gmVid
Vit
+

Vid

o
Vi2
/

]

Differen-tial Load

Differential Load

Vip 190513-01
/

Single-Ended Loads

Vbp
0.5gmVid 0.5gmvid
Vo% Vo1

- Vod + O
' R Re
ImVid > T% ImVid

Vi 190602-01
/

Single-Ended Loads
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Single-Ended and Differential Loads

Slew Rate

Class A Loads:
» Differential Load

SR = 1
2CL

» Single-ended Loads

SR=SR; — SR, = -X—+1
2 2Ct, 2 2Cp, 2Cyp,

Class B Loads (Push-pull):
+ Differential Load

SR =+
CL

» Single-ended Loads
SR = SR, — SR, = [X— + I
2Cy,

1 I

1 I

261 P

Voo

Differential Load Single-E-nded Loads
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Output Common Mode Stabilization

Objective

The objective of the output common mode stabilization circuit is to
maintain the desired output common mode voltage.

Output Common Mode Stabilization 4
. © Dif‘fgrential—
Requirements: mode output
. . . Vo1 voltage
« The common mode stabilization is a feedback e ©
circuit and must be negative and stable %mg‘fs’g;‘:i’:ge
« The output differential signal should have no circuit
influence on the common mode stabilization —
rror
« The common mode stabilization should not Ayt
influence the output differential voltage (such —
as Ioadlng It) Output CommoTn Mc:{joecm
Stabilization Block

190509-03
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Output Common Mode Sensing Circuits

Approaches

Resistive: Vot R Voem R Voo

« If Ris not large, it may load the op N 7 5
amp Vod 190509-05

Transistor:

* Does not load the op amp

« Can be NMOS or PMOS version e Y2Isias

« The sum of I; and I, become a /2(R¢0)/\'\><;\\\ H(R#0)
common mode current Ip(R=0) s} IBl_as/1(R=0)

* R allows a larger value of
differential output voltage

+ Can use V, ., or I, as the
common mode output signal

190509-06

« Could split R in two and use a single Ig;,s current sink
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Common Mode Stabilization for a Single
Stage, Class A Op Amp

Examples
Resistor CM Stabilization Circuit Transistor CM Stabilization Circuit

Common Mode
Stabilization

Stabilization Circuit
Circuit cu
M6 - /7Al
L [
Vocmi Voch';

Note that both circuits are feedback circuits and must be negative and stable. The loop gain is
aptpro%dmately dmeRout Where R,: is the resistance to ground at either of the differential
outputs.

Also, the GB of the CM circuit (GB.») must be compatible with the GB of the amplifier (GBgn).
I.e-, GBdm > Gch, GBdm = Gch, or GBdm < Gch.
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Single Stage, Class A, Differential Output
Op Amp Design
Design Procedure — OA16

o] o .

Vbp

1 Use Design Procedure OA1 to M3 no longer has the gate
design M1-M5 connected to drain Voo
2 [s=2x(SRxC, ) Max. current through C; is 0.5/ RZ% DM
3  Let Wio/L1o=(l10/I5)xW5s/Ls Choose 119 based on Py )
4  Let Wy/Lg=Wo/Lo=(l6/11)xW3/L5 Choose Igand I; based on Py Vob
We _ Im_

5 9Ime=Gmr= GBamxCy, Te K!I,,’  Choose GBn,
Won/L7a=W37g/L75=0.5We/Lg

6 R2=Vocm/lR1 Select Ir1 based on Pgiss

7 Ri=(Voo/lg1)-R;

If the output differential signal swing is too large, use the resistive
common mode sampling circuit

190515-02
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Single Stage, Class A, Differential Output
Op Amp Design
Example 1:

If Ky = 120uA/V2, Ko’ = 25uA/NV2, Vo = |Vrp| = 0.5V, Ay =
0.06V-1, and 4» = 0.08V-1, use Design Procedure OA16 to

design a one stage, Class A, differential output op amp.
Assume that C, = 5pF.

Phase margin 260° 1V<ICMR<2V Psss <1mW V. =1.25V

b

1.) Is = 2 X SRXC;, =2x5V/usx5pF = 50uA, P,ss = 2.5VX50pA = 0.125mW

4 _ _ _ Wi _ Wy _ g _ 314ps? i
2.) Gm=Gm1=Gm2=GBam* C,=100mpS, 2 =72 = Z = 20— = 16.43 — 16
) Ws _ Wa _ Is _ 50uA _
" L3 Lsa  Ki3[VDpD—ICMRT—|VT3|+VT1]2  25%1076[2.5-2-0.5+0.5]
_ 5014 _ Ws _ 100pA A
4.) Vos1 = \/120><10_6><16.43 +0.5=0.659, Ls  120x10~6(1-0.659)2 7.166 — 7
5.) A4, =2ZRL—_20m _ _ _ 2GS _ 9749 (398dB)

2 (AN+AP)Is  (0.06+0.08)50pA
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Single Stage, Class A, Differential Output
Op Amp Design Vo = 2.5V

6 M8 M3 M4 16um

Example 1 - Continued: A e ] el 2um
R1= =16um ‘TU%
6.) Choose I;; = 50pA = Pjiss = 0.250mW 250k AT 25uAl o lZSHA
10pA

Therefore, Wio/Lio = Ws/Ls, and VN5 b oz oo ver
Ws/Ls=Wy/Le=W5/L5. A
7.) Let GB.,,=GB,,,. Therefore Ws/Ls=W,/L;,

W7A/L7A= W7B/L7B= 0-5W1/L1.
8.) Choose Iz; = 10pA = Pyiss = 0.275mW

Therefore R;=2.5/10uA = 250kQ and R, =
2.5/10pA - 250kQ =250k

9.) Design L's and W's/ Pick Li=L,=L¢=L;p=L,g = 0.5um for speed. Therefore W;=W,=Wg=8um,
and Woa=W5g= 8um. Pick Ls=L;o= 1um which gives Ws=W,;,=7um.
For PSRR and gain, let Ls=L;=Lg=Ly=4um which gives W3=W,=Wg=Wy=16pum.
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Folded Cascode, Class A, Differential Output
Op Amp Design
Design Procedure - OA17

1

Use Design Procedure OA3 to design Drain of M8 and gate of
M1-M11, SR = 2x/3xC; M10 are not connected

Let I16= I4 = I5 SO 110 and 111

Let Wie/L16=Ws/Ls > maximum /g or /7

g = GB..xC @ = 91211
m12 cm”™ L) L., K{Il6 ’ Choose Gch
Wisa/Li3p= Wisp/Li3p= 0.5Wi5/L1
Let Wia/L1a= Wis/Lis =Wio/Lio= Could make Wia/L14=
Wii/L1a Wis/L1s> Wio/Lsp and
decrease Iy
R2=Vocm/Ir1 and R1=(Vpp/Ir1)-R2 Voecm known

If the output differential signal swing is too large, use the
resistive common mode sampling circuit

AICDesign.org

Vpp
G AR
D I|_ I|_ 1 R1
Vo2 T L\D/m
o r_—M13A
o [“m138
VrsoM8 M9 %
R2
M15
_|l:
' | M14
I I
M10 |v|11f_l
T

All gray arrows are 0.5gmvig =
190517-01

Common mode
Stabilization Circuit
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Folded Cascode, Class A, Differential
Output Op Amp Design

Example 2

Design a common mode stabilization circuit for the op amp
designed in Example 3 of Lecture 1 (Single-Stage Op Amp
Design) of Module 4 assuming C;, = 5pF.

1.) The design from Example 3 of Lecture 1 is shown.

2.) Choose I, = 100pA and Iz; = 10pA, therefore Pyiss = 2.5V X
(250pA+100pA+10pA) =0.9mW

3.) Wie/L16=(100pA/125uA)x160=128 — 64um/0.5um
4.) Choose GB.,, = 1MHz = 20nmx10°

80um
0.5um

11 25uA

80um
0.5um

Vo1
o

L750A

10um
0.5um

w. 2 62.8)2
Therefore —2 = Im_ — (628) _ 4582, Wasa_wim_ g

L1o Kilie 25%X100 Liza Li3B
5) Let W14/L14=W15/L15=(75|JA/50|JA)Wlo/L10=3O Comgwn
6.) Ri=Vocm/Iz = 125kQ, R, = 250KQ - 125kQ = 125KQ Stabilzation| M1 =5
7.) Design W's and L’s. Choose L;, and L;5 as 1um giving i —
W12=1|Jm and W13A=W13B=0.5|Jm. Choose L14 and L15 as 1|Jm F—— M14

which gives Wi,=W,;5=15um.

= 190517-02

M1 Vewmrs
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Folded Cascode, Class B, Diff. Output Op Amp

4Vbp
Comments M5 M6| | M7 M8 Vrgr M6
» The folded-cascode op HH FHC Veer MIO MU
amp is desirable for class A | = E ________ . 4
B implementation VpgoMi2|  M13 ' |
« Two possible input circuits D‘H‘__—‘[: A LV I L L.
are shown it vo o] 27 DIL"#_{[:J L:]
- The one on the left has the l% [:l ’:] ?! VM4l M15 MIL | ) M2
advantage of a potentially M11M2 M3 M4 D—L,H[_—,
large ICMR but the p- 71 ‘
channel and n-channel Va1 : llg = v
inputs must be designed so L i -.l 1[:‘ A D;h
the effective g, is constant ? W7l —ah18] . >
over the ICMR* Each gray arrow is 0.5gmVijq T 190513-06

- The one on the right is preferable if large ICMR is not needed.
« The previous CM stabilization circuits for Class A, folded-cascode op amp
are applicable for the Class B, folded-cascode op amp

* R. Hogervorst et al., "CMOS Low-Voltage Operational Amplifiers with Constant-g,, Rail-to-Rail Input Stage,” Analog Integrated Circuits
and Signal Processing, Vol. 5, No. 4, pp. 135-146, March 1994.
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Folded Cascode, Class B, Diff. Output Op Amp Design
Design Procedure — OA18

IVDD

1 lg 2 2:SR-C,; Defines minimum current —
VeeM12 M3
2 =l =1lg=17=0.5(1.1/g to 1.5/5) = 0.55/4 to 0.75/, Avoids cascode current =0 t 1 DVOZ ET L ver
Vip o
3 Wio/lio = Wi/l = 2114/ [K’pVspa(sat)?] Vsp1a(sat)=0.5[Vpp-V,u(max)] Y |‘:‘|,v|4 VM4 waglt
3 = b
4 Wiy/liy = Wis/Liz = 2114/[K’pVspe(sat)?] Vspi3(sat)=0.5[Vpp-V,u(max)] ey i — H| Veurs
9

Wiy Wis Wig Wiy 21, . > %IHJ
5 —=—=—=—-=—_ Vpsi6(sat)=0.5[V,(min)-V. M9 M16]  M17

Liy Lis Lig Li;  KyVpsi7(sat)? DSl6( ) [ out( ) 55] Each gray arrow is 0.5gmVig y R

4GB2C} .
6  gm1=GBymxC, = W,/Li=W,/L,=W5/L3=W,/L,= T GB,, is in rads/sec
N*'9

W 2l , Wi Note that ICMR must be
O === V =’2K’—+V

Ly Ky(ICMR=—Vgs)2 't to/ N(Ll) " greater than Vs

Common

5 Ws Ws W, Ws_ I ICMR* = V,,(max) specified, stamde M2t

Ls Ls Ly Lg K's[Vpp — ICMR* — |Vps| + Vg2 M5 = M6=M7=M8 Cret —[, 2R

CMFB

9 Design the common stabilization circuit using steps 2-6 of Design Procedure OA17 I M20

JT_ 190516-04

Check gain and power dissipation and iterate if necessary

10
As = miRout and Pyiss = (Vipp-Vis)(Is + Is+ I+ Igy)
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Op Amp Design Series AICDesign.org

Folded Cascode, Class B, Diff. Output Op Amp Design

VoD
Example 3 ’ N MEJ LE]M M[:J VpB1 M1;0 ME lI”
If KN = 120|JA/V2, Kp' = 25|JA/V2, Viy = |V7'p| = OSV, Ay = 1’10
0.06V-1, and 4, = 0.08V-1, use Design Procedure OA18 to vpsszz Mll_?:
design a folded-cascode, Class B, differential output op amp. alnan?
Assume that C, = 10pF. )T‘_IO—\; -
M1 M2 M3 |M4 VNE2
_____ oE =k
_ _ VnB1 l/g Vemrs
PM > 60° 1V<ICMR<2V V, .=1.25V V,(max)=2V V,(min)=0.5V :HM% Mmflﬁﬂ

1.) Iy=2XxSRXC, =2x5V/usx10pF = 100uA,
2.) Select Lo = Iy = L = Li7 = 125)A, Py =2.5Vx 2504A=0.250mW
3.) Vpsar of M10 and M11=0.25V for glves 10 =W 2125 _q60

4.) Assuming I, = 125pA gives 160 for W12/L12 and W13/L13
5.) Vosio(sat)= 0.25V — %aa = Wis Wi _ Wi _ 2w __ _wxazs_ y

) Vbsis(sat)= L4 Lis  Lie L7 KNVDsie(sat)?  120x0252 = Common

2 2 2 d
6_) m = % = % — % =] 4Glf CL = 4(207-[) x10 ~ 132 Start?ilci)z:tion M21
Lz L3 La KNIo 120x100 S Circut  —1 %Rz
Vemrs

AR 444\ — W — _2x100 e S

) Vbso(sat) =0.5 - 120x132 =0 T o 120x04442 3 -

= 190519-01
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Folded Cascode, Class B, Diff. Output Op Amp Design

Vbp
Example 3 - Continued Ry MEJ
Veg M0 m11[

P S S T g

"/ Ls ~ Lg¢ Ly Lg  Krs[Vpp—ICMRT—|Vps|+V.]? 25%[2.5-2]2 M12lI1OM13

Ves2
9.) Choose I,, = 100pA and Iz; = 10pA, therefore Pyss = 2.5V X o
(250pA+100pA+10pA) =0.9mW g vz o (1"
10.) Wsy/Ly»=(100pA/125pA)x 160=128 — 64um/0.5um 2 s e g1 " ,E
11.) Choose GB,, = 1MHz = 20nx10° ey ) i I
Wig _ gk _ (62.8)% _ Wiga _ Wi _ DALY ﬁ*ﬂ

Therefore Te Kl = 25x100 1.58 — 2, Tod Ll 1 ME'\ Mﬂi{:] M17
12.) Let Wao/Loo=W>1/L51=(125uA/50pA)Wie/L16=50 Voo
13) R1=VOCM/IR1 = 125kQ, R2 = 250kQ - 125kQ = 125kQ
14.) Design W’'s and L’s. Choose L;g and L9 as 1um giving Vo2
W18=1|Jm and W19A=W19|3=0.5|Jm. Choose Lzo and L21 as 1|Jm v(;1_|
which gives W>q=W,;=50um. o
15.) Find the gain: g,=200nuS, gm, = V2X25x160%x125 = 1mS, sl w21 =
Tasp = 1/Aplo = 100KQ, gmn = VZX120%x20%125 = 77548, and 1ysn = i —
1/Anlhg = 133kQ > R, = 2X (gﬂ I gm") = 11.6MQ - Ayq = 7,288V )V < i

312 7 2412

= 190519-01
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CM Feedback Circuit Frequency Response

CM Feedback GB vs Differential GB:

Should the GB of the common mode feedback stabilization circuit (GB,,) be greater or
less than the GB of the differential mode (GBg,,)?

A Differential Mode

Avd(0) . Common Mode
\\\ (GBem>GBdm)
0dB VALY N,
GBcn';\\ GBdm GBCIT;\\ Fl’equenCy

Common Mode S
(Gch< GBdm) 190520-01

* GBg4, > GB., means that common mode stabilization circuit is slower than the
differential mode circuit
- Common mode stabilization does not respond to quick changes in the differential mode circuit

* GB,n < GB.;, means that common mode stabilization circuit is faster than the
differential mode circuit

- Common mode stabilization circuit can respond to fast changes in the differential mode
circuit and possibly create nonlinearity in the differential mode response
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Differential Output Op Amp Design

Summary:

« Differential output op amps
— Single-ended loads
— Differential loads
¢ Output common mode stabilization
« Single stage, class A, differential output op amp

— Design Procedure OA16
— Example 1

« Folded cascode, class A, differential output op amp
— Design Procedure OA17
— Example 2

» Folded cascode, class B, differential output op amp
— Design Procedure OA18
— Example 3
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