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LECTURE 100 - MULTIPLE-STAGE FREQUENCY RESPONSE - 11
(READING: GHLM - 527-537)
Objective
The objective of this presentation is:
1.) Develop methods for the frequency analysis of multiple stage amplifiers
2.) Ilustrate by examples
Outline
* Dominant Pole Approximation
e Zero-Value (Open-circuit) Time Constant Analysis
* Examples
Short-Circuit Time Constants
Examples
* Summary
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Example 1 — Cascode Differential Amplifier

Calculate the low-frequency, small-signal voltage gain and the —3dB frequency of the
circuit shown using the following data:

R; = 1kQ Rp =75Q Rz = 4kQ R; = 1kQ
R = 4kQ R, = 10kQ Vee=-Vege =10V B =200
VBE(on) = 0.7V 7 = 0.25ns rp = 2009 re(active) = 150Q
CjeO = 1.3pF CyO = 0.6pF Vo = 0.6V Ces0 =2pF
Yos = 0.58V ng=0.5
Vce
Ry, Ry Ry,
+ Vout
Q3 Q4 AC Differential N

Half Circuit N

Fig. 100-01

VeE
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Example 1 — Continued
DC Calculations:

Ry 4
V33 = VCC - R1+R2 ( VCC — VEE) =10 - ﬁ (20) =4.3V
Vel = Va3 - VBE3(on) = 3.6V
Assume the bases of Q1 and Q2 are at 0V,

VEE- VBE1(on) 10-0.7
Icy = Rg+2R; = 8.075 mA = 1.15mA

Ves=Vee - IciRp = 10V-1.15V = 8.85V
Small-signal model:

R Yand ! Cl‘l-lll el
+ + | 1\ | I\N\l -
Vin r
7 Tl V1 C m3>V3
> _ Cri1| gmiVi cs1| -
Rg b3
= < Fig. 100-02
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Example 1 — Continued
The low-frequency gain is found as,
Vout Ri1  gmiRL
V., =~ Rij+R; 1+g,,|RE where R;| =1z + (1+ﬁ)RE

1.15mA
gml = 8&m3 = 26mv_ = 44.2mA/V and IRl =T33 =g =447 kQ = 4525Q

Thus, R;; =4.525kQ + 201(75€2) = 19.6kQ2

Vour 19.6 0.0442-1000
Vin = “19.6+1.2 140.0442775 = -0.942:10.24 = -9.65V/V

-3dB frequency:
First calculate the capacitances-
Ci¢=2Cjo0=2.6pF, Cp1=7g,,=0.25x10-44.2x10-3=11.1pF, .. C1=Cp1+Cj,1=13.7pF
Also, Cp3=Cyr1 = 13.7pF because the collector currents are equal.
C,uO 0.6
C,1(Vcp1=3.6V) = \/1+ Vept Voo =1+ (3.600.6) pF =0.23pF

Ces0 2
Cos1(Vesi=13.6V) = = F = 0.40pF
at(Vesi=1 00 = Vesi/voy ~ i+ (13.6/0.58) P P
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Example 1 — Continued
C,3(Veps=8.85-4.3=4.55V) G0 0.6 F = 0.20pF
3 3=0.0J5-4.5=4. = = = V.
(Vs T+ (Vepslvon) NI+ (45500.6) P P

CcsO 2
Ce3(Vs3=18.85V) = \/1_'_ (Vess/ Voo =1+ (18.85/0.58) pF = 0.35pF
Next, the O.C. time constants-
R;01: Using the model shown, we get
Vl‘ Vfl‘VE
I =11 * Rpvrpy

Ve Vi Vi
and L+ R =7 T8V = VE:RE[a+gm1V,-It]
Combining equations gives,
Rp 1 1 Rg 8m1RE
I\ 1+ Rprry | = V'{”m ¥ Rty T i Retrp) T Rptrpg
Multiplying through by 71 (Rp+7p1) gives,
I{rniRrt7p1) + rpiRel = VIR + rp1+ 1o+ RE+ 8mi P RN

Fig. 100-03

or
Vi a1 (Ri+7p1+RE) 4525(1000+200+75)
Ra0lV =T, = R+ 1+ rg1+ Re(1 + By) — 1000+200+4525+75(1+200) = 2772
Ry01Cr1 = 13.7:0.277 ns = 3.79ns
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Example 1 — Continued
R_.501: This resistance is simply r. plus the input resistance to the CB stage, R;3.

I 73 1 200
Ri3 = o T 1+8 = 0.0442 +73200 = 23.6Q2 —  R.501 = 23.6+150 = 174Q

R:501Ccs1 = 0.4-0.174ns = 0.07ns

R,01: Use the model
shown.

Ri1= rpi+(14+B)RE
Emllrml
rni+(1+B)RE

From previous work, we
can write, Fig. 100-04 =

Vi=LRiyll(rp1+Rp) + U+Gy, 1 Vp1)Rs01  and V1 = IR I(rp1+R))
Vi= IRyl (rp1+R)) + IR 501 + 1;G 1 [Ri1 1 (rp1+RD IR 501
R 01 = Ritll(rp1+Rp) + Reso1 + GuiReso1[Rifl(rp1+Rp)]

= 1131Q+174Q+0.0102-174-1131€Q = 3.31kQ
R;01Cy1 = 0.23-3.31ns = 0.76ns
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Example 1 — Continued
R03: Use the model shown. &m3V3
Vi= U +8m3V3)ras = Iz +8m3(-Vrp3
")
Vi+gu3rz3) = Iirp3

Vi _rm
Ruo3 =T, =13p = 22.5Q

s Rp03Cr3 =13.7-0.0023ns = 0.32ns Fig. 100-05 —
R,u03:

Ry 03 = 1p3 + 13 + Ry, = 200+150+1000 = 1350Q — R;,03C,3=0.2-1.35ns = 0.27ns
Re503:

Res03 =703 + R, = 150+1000 = 1150Q2 = R 503C¢s3 = 0.35-1.15ns = 0.4ns
Finally,

2Tp=3.79+0.07 + 0.76 + 0.32 + 0.27 + 0.4)ns = 5.61ns (Cy; is the limitation)

1 1000x106 ;
O35 =T =" 561 = 17825x10° > f3g5 =28.4MHz

(Computer simulation shows 6 poles with the lowest two of —35.8MHz and —253MHz
resulting in a .34 = 34.7MHz)
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Frequency Response of Current-Mirror Load Differential Amplifier

Vb

IOM[
DI=G3-D3=G4 4, D2=D4
V$52 13' 3 ,-L Vout
glegsl gm3 C1 mZVgSZ rds2y rds4
S1=82=S3=S4
Fig. 100-06
1
, sCl 1 Vin - Vin
Lour' =13 — ngVgSZ =- L L gmlvgsl - ngVgSZ =71 Cy 8ml 2 —8m2 2
gm3 +sCy Sgm3 T1
Cy Cy
’ Sgz T 2 $2g,3+ 2
Lout” = -8md Cq 2 =-8md C, Vin where g,,1 = gm2 = &ma
Sg3 T | Sg3 Tt |

The circuit has a zero at — 2g,,3/C; and a pole at — g,,,3/C}.
(These roots are not dominant, C, will cause the —3dB frequency.)
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Short-Circuit Time Constants
 Short-circuit time constants are used to identify the largest pole of a multipole system

 The short-circuit time constant approach is not very useful for IC circuits because they
are dc-coupled (lowest root is most important).

* The short-circuit time constant approach is useful for larger of a two-pole system.
Derivation:
Based on,
I =(g+sCHVy + g2V + gi3Vz+ -+
L= g1V +(@ntsC)Vy +g23V3+--
3= gV + gnVa +(g33+sC3)V3+ -

The determinant can be expressed as,

K, Ki Ky
A(s) =Ko+ Kis + Kps? + K33 = Ky s3 + g2 + K5 + |

A(s) = K3(s-p1)(s-p2)(s-p3) = K3[s3- s2(p1+pa+p3) + s(1p3+ pap3) - p1papsl
K> 3
Kz = -P1#p2tp3) =- _lei

=
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Short-Circuit Time Constants — Continued
We know that, K3 = C{C2C3 and Ky = 211CrC3 + 200C1C3 + g33C1Ch

Ky gu 82 83 1 1 1
K3=Ci 1t Gyt Gy =r1CrHrpCyt s

where r;C; = 1,; (i = 1,2,3) are called the short-circuit time constants and r;; 1s given as,
1 1" R

"= 211 = I vz vi=0,0,=0 7227 822 D |v,= v4=0,0,=0° A0 733 = ¢33 = I3|y,= v,=0,C4=0

Therefore, if a circuit has n poles and Ip,| > Ip1l, Ip,| > Ipal, Ip,,| > Ip3l, -+ then

n n 1 n 1
pnz 2pl=—2_=—zrucl

i=1 i=1Tsi =1

The most useful application of this idea is to find p, where Ip;| > Ip4l.
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Example 2
Consider the circuit shown below C
where R; = 10kQ, R; = 10kQ, g,, = Ry ¥
3mS, C; = 1pF, and Cy= 20pF. - n A 2
Vin . Vi =< gVt R Vout
- o
Fig. 100-07

The open-circuit time constants are:

Tor= CRpy = C¢(Ry+ Ry, + g,»Rr Rp) = 20pf(10+10+30-10)k€2 = 6.4ps

1,;= CiR;, = C;R; = 1pF(10kQ) = 10ns

P1=64ps +10.01ps = -156krad/s
The short-circuit time constants are:
Tyr= CRy = 20pf(10k€2) = 200ns
7, = Ci[RAI(1/g, IR ] = 1pf(10110.331110) = 0.312ns

1 1
p2= '[200ns +0.312ns) = -3-21Grad/s

Exact analysis gives pj= -156krad/s and p, = -3.20Grad/s
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SUMMARY
Exact methods of finding the poles of a circuit include:

- Matrix methods

- Simulation

Page 100-12

* Approximate methods of finding the poles of a circuit include:

- Miller approximation

- Dominant pole approximation, good for —3dB frequency

- Open-circuit time constants, good for finding the smallest pole of a multi-pole circuit

- Short-circuit time constants, good for finding the largest pole of a multi-pole circuit
For these methods to work well, the poles should not be closely spaced

Probably the most important result is the information the above methods provide for the

design of the circuit to achieve a given frequency performance
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We will come back to the frequency analysis of the 741 later
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