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Chapter 1

Analogue Electronics

1.1 Feedback and Feedback Amplifiers

Before continuing further, we are going to classify the amplifiers according to their input and output
signals. Determining the amplifier type is very important for feedback design and analysis.

1.1.1 Amplifier Models

Let us first classify the amplifier models according to their input and output signal types.
1. Voltage-Gain Amplifier

e voltage input  (i.e., voltage source at input)

e voltage output (i.e., voltage-controlled voltage source at output)

2. Transresistance Amplifier

e current input  (i.e., current source at input)

e voltage output (i.e., current-controlled voltage source at output)

3. Transconductance Amplifier

e voltage input  (i.e., voltage source at input)

e current output (i.e., voltage-controlled current source at output)

4. Current-Gain Amplifier

e current input  (i.e., current source at input)

e current output (i.e., current-controlled current source at output)



1.1.1.1 Voltage-Gain Amplifier

R,

i ,\} Ay,

Figure 1.1.1: Voltage-gain amplifier

Here, v, and R, are the voltage source and internal resistance of the voltage source; R;, A, and R, are
the input resistance, no-load gain and output resistance of the amplifier; and R, is the load resistance.

e As, no-load voltage gain, A, is defined as

e Overall voltage gain, Ay, will be given as

AVS -

v R;
Aus == = - Av
Vs Ry =00 RS + Rz
Vo RZ RL

— A,
Vg RS -+ Rl Ro + RL

(1.1.1)

(1.1.2)

(1.1.3)

(1.1.4)

e Ideally we want overall voltage gain Ay, should be equal to the no-load voltage gain A,. Thus,
ideal input resistance R; and ideal output resistance R, of a voltage-gain amplifier should be
infinity and zero, respectively.

AVs — Av = {

R; — o0
R,— 0

e Thus, for a good voltage-gain amplifier R; should be large (i.e., R; > R;) and R, should be

small (i.e., R, < Ryp).



1.1.1.2 Transresistance Amplifier

R,

i f R, R, N\, R,

Figure 1.1.2: Transresistance amplifier

Here, i, and R, are the current source and internal resistance of the current source; R;, R,, and R, are
the input resistance, no-load gain and output resistance of the amplifier; and R, is the load resistance.

e As, no-load transresistance gain, R, is defined as

R, = = (1.1.5)

bi Ry =00

e Transresistance gain with load, Ry, will be given as

Vo RL
Ry=2_-p " __ 1.1.6
M= R, + Ry (1.1.6)

e No-load overall gain, R, will be given as

Vg R,
R,s = — =— R, 1.1.7
is Rp =00 RS + Rz ( )
e Overall transresistance gain, R,; will be given as
Vo Rs RL
Ry =— = R, 1.1.8
. T R+ R "R,+Ryp (1.1.8)

e Ideally we want overall transresistance gain Rj; should be equal to the no-load transresistance
gain R,,. Thus, ideal input resistance R; and ideal output resistance R, of a transresistance
amplifier should be both zero.

R,— 0

Ry —> R, = {

e Thus, for a good transresistance amplifier R; should be small (i.e., R; < R,) and R, should be
small also (i.e., R, < Rp).



1.1.1.3 Transconductance Amplifier

&

Figure 1.1.3: Transconductance amplifier

Here, v, and R, are the voltage source and internal resistance of the voltage source; R;, G,,, and R, are
the input resistance, no-load gain and output resistance of the amplifier; and R, is the load resistance.

e As, no-load transconductance gain, GG, is defined as

1
G = 2

Yilr,=0

e Transconductance gain with load, Gj; will be given as

G

lo

M:

Ui— mRo+RL

R,

e No-load overall transconductance gain, G, will be given as

Gons

lo

Uslp,_o Rs+R;

R; G

e Overall transconductance gain, G will be given as

GMS =

io Rz

R,

vs R+ R;

"™ R,+ Ry

(1.1.9)

(1.1.10)

(1.1.11)

(1.1.12)

e Ideally we want overall transconductance gain GGy should be equal to the no-load transconduc-
tance gain GG,,,. Thus, ideal input resistance R; and ideal output resistance R, of a transconduc-
tance amplifier should be both infinity.

GM5—>Gm = {

Ri—>OO
R, — o0

e Thus, for a good transconductance amplifier R; should be large (i.e., R; > R;) and R, should

be large also (i.e., R, > Ry).



1.1.1.4 Current-Gain Amplifier

Figure 1.1.4: Current-gain amplifier

Here, i, and R, are the current source and internal resistance of the current source; R;, A; and R, are
the input resistance, no-load gain and output resistance of the amplifier; and R, is the load resistance.

e As, no-load current gain, A; is defined as

e Current gain with load, A; will be given as

e No-load overall current gain, A, will be given as

?
/PR [ '}
1g Ry =0 Rs -+ Rz

A=
Yi R, =0
A . Z.O _ RO
= "R, TRy
Ry

e Overall current gain, Ay will be given as

AIS -

lo

R,

R,

ic R+ R '"R,+R;

(1.1.13)

(1.1.14)

(1.1.15)

(1.1.16)

e Ideally we want overall current gain Ay should be equal to the no-load current gain A;. Thus,
ideal input resistance R; and ideal output resistance R, of a current-gain amplifier should be

zero and infinity, respectively.

A[S —)Al = {

R, —0
R, — oo

e Thus, for a good current-gain amplifier R; should be small (i.e., R; < R,) and R, should be

large (i.e., R, > Ryp).



1.1.2

Negative Feedback Concepts

Input X A g loutput
signal ~ signal)

Feedback amplifier

Figure 1.1.5: Negative feedback block diagram

This block diagram is called negative feedback, because the feedback signal Xy subtracted from the
input signal X as seen in the figure above. Here, A is the open-loop gain (i.e., gain without feedback),
X, Y and X; represents the input, output and feedback signals respectively, and X; is the feedback
reduced input signal.

The effects of the negative feedback on an amplifier can be summarized as follows.

Disadvantages:

o Lower gain

Advantages:

1.1.2.1

o More stable gain

Reduced distortion

e}

o

Improved frequency response

o}

Improved input impedance

e}

Improved output impedance

o

More linear operation

Closed-loop Gain, Ay

Y

From the Figure 1.1.5 we can calculate the closed-loop gain (i.e., gain with feedback), Ay = X as

follows

Y = AX,
X; =Y
Xi=X—X;

(1.1.17)
(1.1.18)
(1.1.19)



From the three equations above, we can on obtain the gain with feedback A as follows

Y A
Af= — = 1.1.20
T7X  1+4pA (1120
If BA > 1 then, above equation reduces to
Ap el (1.1.21)
f B .

S0, in order to have Ay > 1, 5 < 1 is required.

1.1.2.2 Negative Feedback Improvements

We are going to investigate and prove the following three improvements of the negative feedback
1. Improved Gain Stability
2. Reduced Distortion

3. Increased Bandwidth

Improved Gain Stability

AA
We need to find the closed-loop gain stability (relative change of the gain), i.e., the ratio 1 L In
f
dA
order to derive this quantity, we need to first find the derivative d_Af
A
da; <1+/3A>
= 1.1.22
dA dA ( )
1
= ... using the chai le of derivati 1.1.23
e using the chain rule of derivatives ( )
A L Itiplying th t dd inator by A (1.1.24)
= ... multiplying the numerator and denominator 1.
1+ BAA(1L+ BA) pLyIS Y
A 1
= — 1.1.25
A1+ pBA ( )

From the result above, we can obtain the following expression for the closed-loop gain stability in
terms of the open-loop gain stability

dA, 1 dA

=TT e (1.1.26)

Thus, the closed-loop gain stability is improved by a factor of (1 + SA) compared to the open-loop
gain stability.



Example 1.1: Assume a system where open-loop gain equals A = 1000 and changes by 20%
due to a temperature change. Consider a negative feedback closed-loop system with g = 0.1
and calculate the change for the closed-loop gain Ay for the same conditions.

Solution: We can find N ! from the equation derived previously. Thus,
f
AAy 1 AA
Ay 1+ B4 A
1
= 2
14 0.1 x 1000 0%
= 0.2%.

Thus, the closed-loop gain (although smaller) is much more stable than the open-loop gain.

Input X, A ¥ (output
signal ~ signal})

AT = Y1 = Xt = X;| = Y|

Feedback amplifier

Above figure explains the reason for the stability improvement. If open-loop gain A increases,
then output Y increases. If output Y increases, then feedback signal X increases. If feedback
signal X increases, then internal input signal X; decreases. If internal input signal X; decreases
the eventually the output signal Y decreases. Hence, this process provides stability.

Reduced Distortion
Here we are going to assume that we have some additive distortion D in the open-loop system, i.e.,
Y =AX+D (1.1.27)

We need to investigate the same problem when we employ a negative feedback for this system. Let
us start with writing the closed-loop equations from the Figure 1.1.5

Y =AX,+D (1.1.28)
Xy =p8Y (1.1.29)
X=X - X; (1.1.30)
From the three equations above, we can on obtain the output Y as follows
A D
Y X+ (1.1.31)

T 1+ pA 1+ BA
Thus, distortion in the closed-loop system is reduced by a factor of (1 + SA).

8



Increased Bandwidth

AU

Ymid|dB

1 10 100 1 kHz 10 kHz 100 kHz | MHz 10 MHz 100 MHz
I I . | | I |
0 T T T 1 1

[ (log scale)

S [ BW

=20 —

Figure 1.1.6: Amplifier bandwidth example

Bandwidth BW is the difference between the higher cut-off frequency fy and the lower cut-off fre-
quency f;, of the amplifier, i.e.,

BW = fy — f1. (1.1.32)

So, if fy gets higher and/or f; gets lower, then the bandwidth increases.

We can consider both ends of the amplitude response in Figure 1.1.6 separately (as fy > f1).
The lower end of the amplitude response is a high-pass filter, and the higher end of the amplitude
response is a low-pass filter.

Let us first consider the lower-end high-pass system like a simple RC-filter and write down the
open-loop frequency response Ay (f) accordingly (f is the frequency of the input signal)

Ag(f) = Amf (1.1.33)
1— &
f
where A,, and f; are the midband gain and lower cut-off frequency of the open-loop system, respec-
tively. We know that the closed-loop gain Agy(f) is given by

Au(f)
A =——" 1.1.34
By inserting Ay (f) into the equation and rearranging it, we arrive at
An,
Ay () = —"5— (1.1.35)
-



where A,,; and fr; are the midband gain and lower cut-off frequency of the closed-loop system, and
given by

Am
and
frr = _ (1.1.37)
1+ BA,,

respectively. Thus, low-frequency f7; of the closed-loop system is reduced by a factor of (1 + SA,,).
Let us now consider the upper-end low-pass system like a simple RC-filter and write down the
open-loop frequency response Ay (f) accordingly (f is the frequency of the input signal)

Ap(f) = — (1.1.38)
L
fu
where A,, and fy are the midband gain and higher cut-off frequency of the open-loop system, respec-
tively. We know that the closed-loop gain Ars(f) is given by

Ar(f)
A = ——. 1.1.39
Similarly, by inserting Ay (f) into the equation and rearranging it, we arrive at
Am
Ay (f) = — (1.1.40)
1+ j-—
fry

where A,s and fgy are the midband gain and higher cut-off frequency of the closed-loop system, and
given by

A
and
frp =1+ BAR) fu (1.1.42)

respectively. Thus, high-frequency fuy of the closed-loop system is increased by a factor of (14 5A,,).
Consequently, we have showed that negative feedback increases the bandwidth.
NOTE: The gain-bandwidth product stays (nearly) constant

Ay x BWy =2 A x BW = constant (1.1.43)

as BWy =~ fur and BW = fy.

10



1.1.2.3 Sampling and Mixing

Input + X A p (output
signal ~ i signal)

Feedback amplifier

Mixing Sampling

Figure 1.1.7: Sampling and mixing diagram in a negative feedback system

The output signal is sampled and fed back to the system and mixed with the input signal. Here,
we are going to analyze the possible sampling and mixing types.

1.1.2.4 Sampling Types

As there two types of electrical signals, i.e., voltage and current, there are two types of sampling.
In order to sample output voltage we need to connect the feedback network in parallel (i.e., shunt
connection) with the output (like a voltmeter). Similarly, in order to sample output current we
need to connect the feedback network in series with the output (like an ammeter).

1. Voltage-sampling (Shunt-sampling or parallel-sampling)
2. Current-sampling (Series-sampling)

Voltage-Sampling Example

11



Voltage-output Amplifier

R,

: ’\I AX, v, Ry

Feedback network

Figure 1.1.8: Voltage-sampling example

Current-Sampling Example

Current=cuipul Amplifier

+ X f AX; &R, Ry v,

Feadback network

Figure 1.1.9: Current-sampling example

1.1.2.5 Mixing Types

We can mix (i.e., connect) the feedback network output to the input in parallel or in series. In order to
mix voltage feedback signal we need to connect the feedback network in series to the input (remember
KVL). Similarly, in order to mix current feedback signal we need to connect the feedback network in

parallel (i.e., shunt connection) to the input (remember KCL).
1. Series-mixing (voltage-mixing)
2. Shunt-mixing (parallel-mixing or current-mixing)

Series-Mixing Example

12



Voltage-input Amplifier

Feedback network

+

A7

Figure 1.1.10: Series-mixing example

Shunt-Mixing Example

Current-input Amplifier
i i
—’_

1

Feedback network

Figure 1.1.11: Shunt-mixing example

1.1.2.6 Negative Feedback Types

Negative feedback types are classified according to the Sampling-Mixing type pairs. As there are
two types of sampling and two types mixing, there four types feedback types.

1. Voltage-Series Feedback
2. Voltage-Shunt Feedback (voltage-parallel feedback)
3. Current-Series Feedback

4. Current-Shunt Feedback (current-parallel feedback)

13



1.1.3 Voltage-Series Feedback

+ | + +

vy f\, ’ A, v, &RL
o -
ve=58v, ﬁ

Figure 1.1.12: Voltage-series feedback: Block diagram

Voltage-series feedback amplifier is actually a closed-loop voltage-gain amplifier as shown below. We
are going to find the derive the no-load gain A, input resistance R; and output resistance Ry of

this closed-loop system.

Rs Rof

Vs m Vir R,‘f r\, Aq‘l’,‘f RL Vo

Figure 1.1.13: Voltage-series feedback amplifier model (i.e., closed-loop voltage-gain amplifier)
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Ry Amplifier Ros

I . I
s ¥ R, .
Vir ’\' \ R; ’\, Ay, Vo Ry

-+

\/

Feedback network

ve=pv, B v,

Figure 1.1.14: Voltage-series feedback: Block diagram with open-loop amplifier parameters

Let us derive no-load gain A,s, input resistance R;; and output resistance R, of the voltage-series
feedback system in terms of the open-loop amplifier parameters A,, R; and R,.

Ay =?| [Ry =7| [Ry=?

1.1.3.1 No-load Gain

Amplifier
—AAN o
+ R +
(]
+
vy O\y Vi R Ny 4y v,

—vf+

Feedback network

Ve = ﬂ Vo ﬁ Vo

Figure 1.1.15: Voltage-series feedback: No-load gain calculation diagram

From the above figure, we can quickly derive the closed-loop no-load gain A, where

A, — Vo o Vo . Avvi
o Vif Ry —=oco B v; + Uy N (1 + 6141;)7)@'

15



as
A
Ayp=—2 1.1.44
T 14 A4, (11.44)
1.1.3.2 Input Resistance
R Amplifier
i
| = —AW ===0

_,_ L & R,
vif ’\J Vi R; l‘\, Ay, Vo

-V 4+

Feedback network

ii=0
——
+ +
vf:ﬂvo B Vo

Figure 1.1.16: Voltage-series feedback: Input resistance calculation diagram

From the above figure, we can quickly derive the closed-loop input resistance R

Ry — U_zf :w—f-vf: (l—l—ﬁAv)vi:(l_'_BAU)ﬁ
Yi |Rp=o00 & (23 i
as
Ry = (14 0A,) R (1.1.45)

Loading Effect of Negative Feedback

e If a load Ry is connected, then the gain will drop due to the voltage divider configuration
between R, and R;. Hence, closed-loop input resistance will be affected due to the feedback.

Consequently, closed-loop input resistance R; will be given by

Ry = (1+pBAy)R,; (1.1.46)
where
Ry,
Ay = A, ———— 1.1.47
v R.+ R, ( )
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1.1.3.3 Output Resistance

Amplifier R,y
i i, I
+ +
Ra <J +
vi R; ’\I A, Vo ’\J Vo
— -
S
Feedback network o
Iy =
+ +
Vf = ﬂ Yo ﬁ Vo

Figure 1.1.17: Voltage-series feedback: Output resistance calculation diagram

We can calculate the closed-loop output resistance (i.e., as a Thévenin equivalent resistance) by using
the test voltage method as shown in the figure above. Note that as the feedback network is ideal,
internal resistance of the feedback network is infinity. So, ¢, = 0 and ¢, = 7; + ¢, = #1. Also as vy =0,
v; = —vy = —[fv,. Hence, output resistance Ry

R _ Vo _ Vo B Ryv, Ry,
S o |y 1 Vo= A v, — Ay(=Bu,) (14 BA),
R,
is derived as
R,
Ry = T A (1.1.48)

Effect of Source Resistance under Negative Feedback

e [f a voltage source v with an internal resistance R, is connected at the input, then the gain will
drop due to the voltage divider configuration between R; and R,. Hence, closed-loop output
resistance will be affected due to the feedback.

Consequently, closed-loop output resistance R, will be given by

R,
Ry=—2— 1.1.49
T 1+ BA, (1:1.49)
where
R.
Ag=——A, 1.1.50
R, + R; ( )

17



1.1.4 Voltage-Shunt Feedback

f if f Rm R L Vo

N
J
l&—ﬁ%

Figure 1.1.18: Voltage-shunt feedback: Block diagram

Voltage-shunt feedback amplifier is actually a closed-loop transresistance amplifier as shown below.
We are going to find the derive the no-load gain R,., input resistance R; and output resistance R
of this closed-loop system.

,ff Ro of

i 4 R, Ry  N\y Ruyiy R, o

Figure 1.1.19: Voltage-shunt feedback amplifier model (i.e., closed-loop transresistance amplifier)
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R Amplifier Ry
[ N I
— AN
L» * R, * <J
iy f v R, N\y R Vo §RL

U

L
”

ir=pv,
Feedback network

Figure 1.1.20: Voltage-shunt feedback: Block diagram with open-loop amplifier parameters

Let us derive no-load gain R,,s, input resistance I?;; and output resistance R, of the voltage-shunt
feedback system in terms of the open-loop amplifier parameters R,,, R; and R,.

Ry =?] [Ry =?] [Ry =7

1.1.4.1 No-load Gain

Amplifier

—m ]
n R +

i f v R, N\, R, v,

3/
(o]

L
7

ir=pvo
Feedback network i =0
',l'

Figure 1.1.21: Voltage-shunt feedback: No-load gain calculation diagram

From the above figure, we can quickly derive the closed-loop no-load gain R, where

R Yo o Vo o lez
" i gy Gitip (L4 BRu)i
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as

Ry,
Ryp=—2 1.1.51
' =17 BR. ( )
1.1.4.2 Input Resistance
Ris Amplifier
| "-r'f i
l—> # Ra * 0
i f Vi R, N\, R, v
o >—=1—o
'}'=ﬁvo
Feedback network i =0
F l.L'
+
B v
Figure 1.1.22: Voltage-shunt feedback: Input resistance calculation diagram
From the above figure, we can quickly derive the closed-loop input resistance R
% Vj %
Ry = — = — = :
f Zif Ry =00 1; + Zf (1 + ﬁRm)Zi
as
R;
Ry=—"— 1.1.52
= 1T AR, ( )

Loading Effect of Negative Feedback

e If a load R, is connected, then the gain will drop due to the voltage divider configuration
between R, and R;. Hence, closed-loop input resistance will be affected due to the feedback.

Consequently, closed-loop input resistance ;s will be given by

R;
Ry=—"-— 1.1.53
/ 1+ 6RM ( )
where
Ry,
Ry =R, ——— 1.1.54
M R+ R, ( )
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1.1.4.3 Output Resistance

Amplifier Rys
'."'f =0 i i i |
. — NN
R # <J
0 +
R, N\, r,, Vo n, v
N N -
4 >
ir=pBv,
Feedback network 0
Iy =
+
B Vo

Figure 1.1.23: Voltage-shunt feedback: Output resistance calculation diagram

We can calculate the closed-loop output resistance (i.e., as a Thévenin equivalent resistance) by using
the test voltage method as shown in the figure above. Note that as the feedback network is ideal,
internal resistance of the feedback network is infinity. So, 7, = 0 and i, = 71 + i, = 4;. Also as iy = 0,
i = —iy = —[v,. Hence, output resistance Ry

R Vg U Uy B R v, B R,v,
T o lpymiymo B Yo Bmii v, — Ry(=Bu,) (14 BRim)v,
R,
is derived as
R,
Ry=-—"7— 1.1.55
"~ 1+ BRn, ( )

Effect of Source Resistance under Negative Feedback

e If a current source ¢5 with an internal resistance R, is connected at the input, then the gain will
drop due to the current divider configuration between R; and R,. Hence, closed-loop output
resistance will be affected due to the feedback.

Consequently, closed-loop output resistance R, will be given by

R,
Ry=—°>— 1.1.56
Y. ( )
where
R
R,s=————R, 1.1.57
R, + R; ( )
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1.1.5 Current-Series Feedback

[0

ve= i, ﬁ

Figure 1.1.24: Current-series feedback: Block diagram

Current-series feedback amplifier is actually a closed-loop transconductance amplifier as shown below.
We are going to find the derive the no-load gain G, input resistance R; and output resistance R
of this closed-loop system.

Figure 1.1.25: Current-series feedback amplifier model (i.e., closed-loop transconductance amplifier)
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Vf=ﬂi,, ﬁ

Figure 1.1.26: Current-series feedback: Block diagram with open-loop amplifier parameters

Let us derive no-load gain Gy, input resistance R; and output resistance Ry of the current-series
feedback system in terms of the open-loop amplifier parameters G,,, R; and R,.

Gus =?| [Ry=?] [Ry =7

1.1.5.1 No-load Gain

—ib— _D»

vf=ﬂig ﬁ Vx=0

Figure 1.1.27: Current-series feedback: No-load gain calculation diagram
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From the above figure, we can quickly derive the closed-loop no-load gain G,,; where

Z.0 io vai
Gmf = — prm— =
(%73 R.=0 v; + Uy (1 + BGm)UZ*
as
G,
G = ———— 1.1.58
=13 3G, ( )
1.1.5.2 Input Resistance
Ry :
I —> ~ s .
s+ |4 |
v‘f % vl Rj f val Ro
e G o
Vr= ﬂig ﬁ Yy = 0
Figure 1.1.28: Current-series feedback: Input resistance calculation diagram
From the above figure, we can quickly derive the closed-loop input resistance R
v; v; + v 1+ B8G,,)v; V;
A G L T T B
1; Ry =0 1; 1; 1;
as
Ry = (14 BG,,) R; (1.1.59)

Loading Effect of Negative Feedback

o If a load R is connected, then the gain will drop due to the current divider configuration
between R, and R;. Hence, closed-loop input resistance will be affected due to the feedback.

Consequently, closed-loop input resistance R; will be given by

24



Ry = (1+ BGu) R; (1.1.60)

where

(1.1.61)

1.1.5.3 Output Resistance

+ +
vy ==pi, B e
= - -

Figure 1.1.29: Current-series feedback: Output resistance calculation diagram

We can calculate the closed-loop output resistance (i.e., as a Thévenin equivalent resistance) by using
the test voltage method as shown in the figure above. Note that as the feedback network is ideal,
internal resistance of the feedback network is zero. So, v, = 0 and v, = W R, + v, = 11 R,. Also as

vy =0, v; = —vy = [i,. Hence, output resistance R
Vo iWRy  (io+ Gnvi)Ry  (io + GBis)Ro
ROf - = - — - — -
to Rp=v0,v#=0 Lo (29 1o
is derived as
Ry = (1+ 5G) R, (1.1.62)

Effect of Source Resistance under Negative Feedback

e If a voltage source v with an internal resistance R, is connected at the input, then the gain will
drop due to the voltage divider configuration between R; and R,. Hence, closed-loop output
resistance will be affected due to the feedback.
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Consequently, closed-loop output resistance R, will be given by

Ry = (1 + BGs) R, (1.1.63)
where
R.
Gons = L G 1.1.64
R, + R; ( )

1.1.6 Current-Shunt Feedback

iy f A, R,
|

Figure 1.1.30: Current-shunt feedback: Block diagram

Current-shunt feedback amplifier is actually a closed-loop current-gain amplifier as shown below. We
are going to find the derive the no-load gain A;, input resistance R; and output resistance R, of this
closed-loop system.

if)" Iy

|
is f R, Ry "‘ Airliy - & Ry

AN
o

Figure 1.1.31: Current-shunt feedback amplifier model (i.e., closed-loop current-gain amplifier)
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Figure 1.1.32: Current-shunt feedback: Block diagram with open-loop amplifier parameters

Let us derive no-load gain A, input resistance R; and output resistance R, of the current-shunt
feedback system in terms of the open-loop amplifier parameters A;, R; and R,.

Alf :? R,Lf :? Rof :?

1.1.6.1 No-load Gain

lif f v, R f A;i; @R,

U

Figure 1.1.33: Current-shunt feedback: No-load gain calculation diagram

From the above figure, we can quickly derive the closed-loop no-load gain A; where

A o io o io - Azzz
T g lp o ity (1 BAY;
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as

A
Ay = ’ 1.1.65
T 14 BA; ( )
1.1.6.2 Input Resistance
Ry
R 7 i Iy
| &> —
= + |
L f V; K f Aiir Ro
, = ] |
+
B ve=0
Figure 1.1.34: Current-shunt feedback: Input resistance calculation diagram
From the above figure, we can quickly derive the closed-loop input resistance R
U; (% Vj
Ry = — = — = .
f (27 Ry=0 1; + 12 (1 + BAz)Zz
as
R;
Ry = 1.1.66
T 11 BA; ( )

Loading Effect of Negative Feedback

o If a load R is connected, then the gain will drop due to the current divider configuration
between R, and R;. Hence, closed-loop input resistance will be affected due to the feedback.

Consequently, closed-loop input resistance Ry will be given by

R;
Ry=—"— 1.1.67
/ 14+ BA; ( )
where
Ay = AT (1.1.68)
=R, + R, o
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1.1.6.3 Output Resistance

iif =0 l.,' ir) ’

L/

+
B v, =0
e

Figure 1.1.35: Current-shunt feedback: Output resistance calculation diagram

We can calculate the closed-loop output resistance (i.e., as a Thévenin equivalent resistance) by using
the test voltage method as shown in the figure above. Note that as the feedback network is ideal,
internal resistance of the feedback network is zero. So, v, = 0 and v, = W R, + v, = 11 R,. Also as

tif =0, 9, = —i5 = Bi,. Hence, output resistance R,
Vo ilRo (7;0 + AZ’Ll)RO (io + Aiﬁio)Ro
Ry = — =—= : = .
1o RL=v0,i;s=0 1o (23 1o
is derived as
Ry = (1+5A)R, (1.1.69)

Effect of Source Resistance under Negative Feedback

e If a current source 75 with an internal resistance R, is connected at the input, then the gain will
drop due to the current divider configuration between R; and Rs. Hence, closed-loop output
resistance will be affected due to the feedback.

Consequently, closed-loop output resistance Ry will be given by

Ry = (14 fAs) R, (1.1.70)
where
R
R, + R; ( )
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1.1.7 Summary of Closed-loop Input and Output Resistances

Table below summarizes the closed-loop input and output resistances for each type of feedback.

TABLE 17.2 Effect of Feedback Connection on Input and Output Impedance

Voltage-Series Voltage-Shunt Current-Series Current-Shunt
R; R;
R; 1+ BAv) R; : 1+ BGy)R; :
! ( v) 1+ ARy, ( BGar) 1+ 34,
R, R,
Ro i S — 1 + Grns Ro 1 + AL‘ RO
f 1 + ﬁA‘US 1 + ﬁR"lS ( ’6 ) ( /6 )

Figure 1.1.36: Summary table for closed-loop input and output resistance expressions

1.1.8 Analysis of Negative Feedback

The following steps needs to be taken during the analysis of negative feedback.
1. Recognize the type of feedback
2. Derive open-loop circuit (i.e., circuit without feedback)
3. Ensure suitability of the input signal source
4. Obtain open-loop small-signal equivalent circuit
5. Find feedback gain § = X;/Y
6. Calculate open-loop parameters A, R; and R,

7. Calculate closed-loop parameters Ay, Ry and Ry

1.1.8.1 Recognize the type of feedback

a) Identify the common circuit elements (i.e., feedback network) in between the input and output
loops.

b) Determine input-mixing type (i.e., type of feedback signal Xy)

o Series-mizing (feedback signal is voltage, vy)

— If the input voltage source v, is connected to the output with an element in series

- e.g., when a circuit element, like Rp or Rg, present in the emitter/source terminal
of the first transistor when the input is from the base/gate terminal.

o Shunt-mizing (feedback signal is current, i)
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— If the output-circuit is wired to the input circuit allowing the feedback current i, to
flow

- e.g., collector-feedback configuration or drain-feedback configuration

c¢) Determine output-sampling type
— Voltage-sampling (shunt-connection)
*x If Xy =0 when v, =0V (ie., R, =0Q)
— Current-sampling (series-connection)
* If X; =0 when i, =0A (i.e.,, R, = 00 ()

NOTE 1: If both tests hold, then select the one where feedback gain 5 does not contain
the load (or effective load) in its expression.

NOTE 2: If the feedback network is connected in parallel to the output, then it is
voltage-sampling. Similarly, if the feedback network is connected in series to the output,
then it is current-sampling

1.1.8.2 Derive open-loop circuit

a) Obtain the open-loop input circuitry

o Voltage-sampling

— Make X = 0 by making v, = 0, i.e., short-circuit the output connection.

X —» —_— Rest of the circuit

Feedback circuit

= IN

Input Circuit
Short circuit

Figure 1.1.37: Obtaining the open-loop input circuitry under voltage-sampling

o Clurrent-sampling

— Make X = 0 by making i, = 0, i.e., open-circuit the output connection.
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+

+ X; N
X —» Rest of the circuit R, v,
-4 -

Xy
Feedback circuit
li,,
B \
X
Input circuit ‘\\

Disconnect

Figure 1.1.38: Obtaining the open-loop input circuitry under current-sampling

b) Obtain the open-loop output circuitry

o Series-mizring

— Make the reverse feedback signal Y; = 0 by making i; = 0 where Y; = 3,4, and 3, is the
reverse feedback gain, i.e., open-circuit the input connection.

A A

RS
+ § ¥
, r\, Rest of the circuit
1.\ "1‘"

Feedback circuit
/'_/ +
. -~
Disconnect vy B

‘—-—-.4_.x7_ Output circuit
Figure 1.1.39: Obtaining the open-loop output circuitry under series-mixing

o Shunt-mizing

— Make the reverse feedback signal Yy = 0 by making v; = 0 where Y; = §,v; and 3, is
the reverse feedback gain, i.e., short-circuit the input connection.
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i i
if i

I f R Rest of the circuit
) s

1/

iy Feedback circuit
—..,

/‘ B R ——
/ Output circuit

Short circuit

Figure 1.1.40: Obtaining the open-loop output circuitry under shunt-mixing

NOTE: According to the connection type, always short-circuit a shunt-connection (or
parallel-connection) and always open-circuit a series-connection in order to eliminate the
effect of the observable. This is true for both output and input connections of the feedback

network.

c) Then draw the open-loop circuit by putting the input circuitry and output circuitry together

i. Open-loop circuit diagram for voltage-series feedback

(\, Rest of the circuit R, Vo

Feedback B Feedback B
circuit circuit

L] l+ vr _L

Figure 1.1.41: Open-loop circuit diagram for voltage-series feedback

ii. Open-loop circuit diagram for voltage-shunt feedback
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i |
— |
L» + +
i f R, B Rest of the circuit R, Vo
o= L =
vy
Feedback
circuit P Corcut P
4'—
I
Figure 1.1.42: Open-loop circuit diagram for voltage-shunt feedback
iii. Open-loop circuit diagram for current-series feedback
R; R,
il’)
AN | ' |
. R, L» i <-J
v I\’ v Rest of the circuit R,
Feedback Feedback
circuit B ?:eircuai:: B
Lol Lol
Figure 1.1.43: Open-loop circuit diagram for current-series feedback
iv. Open-loop circuit diagram for current-shunt feedback
R; R,
Li | i).
—
L.
i f R, 3 Rest of the circuit R,
=3 I N
| j T
Feedback
circuit B Fe(:;li‘ai:: , B
4-—

Iy

Figure 1.1.44: Open-loop circuit diagram for current-shunt feedback
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1.1.8.3 Ensure suitability of the input signal source
If feedback signal Xy is a

o Voltage signal (in the case of series-mixing)
— Use a Thévenin voltage source,
o Current signal (in the case of shunt-mixing)

— Use a Norton current source.

NOTE: If necessary, perform source transformation (voltage source <> current source).

1.1.8.4 Obtain open-loop small-signal equivalent circuit

Replace each active device (e.g. BJT, JFET, MOSFET etc.) in the open-loop circuit by their
appropriate small-signal model and draw the open-loop small signal equivalent circuit.

1.1.8.5 Find feedback gain

X
e Obtain feedback gain § = ?f

o Feedback circuit cannot include either the source resistance R, or the load resistance R .
— i.e., 8 # B(Rs, Rr), in other words, 5 cannot be a function of R, or Ry.

NOTE: Any external circuit element (or equivalent element) via which we obtain the output
voltage v, and output current ¢, will be the effective load in the circuit, even though it was
not labelled explicitly as Ry.

1.1.8.6 Summary of feedback amplifier analysis

The table below shows the summary of the feedback amplifier analysis

—

. Topology (1) (2) (3) (4)
Charact.m'istié"““*-_‘. Voltage series | Current series | Current shunt | Voltage shunt
Feedback signal X,.....| Voltage Voltage Current Current
Sampled signal X,.... .. Voltage Current Current Voltage
To find input loop, sctt.| V, =0 I,=0 I, =0 Ve =0
To find output loop, seti| I, = 0 I;=0 Vi=0 Vi=10
Signal source. .. ev---| Thévenin Thévenin Norton Norton
ﬂ=1‘f;)(X¢ . Vf/l‘r,, V;f!,, f;/fﬂ [;fV,

Ao X080 il Avwm Vol W Gy = I,/V; Ay = I./T; Ry = V,/I;
PREE 3 S S P e 1 + BAy 1 4+ BGx | 4+ 8A; 1 4 8RR
Wl e G /D A:/D Ry /D
R R R:D R.D R/D R./D

R, y . R.(1 + BA R,
[f.; 1 E ﬁ_fll ]f.,‘\l -T™ ,3(!..; l’oil B. ;) 1 : ﬂ!l’..

t This procedure gives the basic amplifier circuit without feedback but taking the load-
ing of 8, i, and R, into account.

Figure 1.1.45: Summary table for negative feedback amplifier analysis
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1.1.9 Examples

Example 1.2: Determine the feedback type and derive the open-loop and closed-loop amplifier
parameters (i.e., input resistance, output resistance and gain) for the source follower circuit
below.

oD
¢ [
\¥

S0 i

Figure 1.1.46: A source follower circuit (a voltage-series feedback example).

Solution: Output and input networks have one common element R which provides feedback
in this circuit. It is connected in series to the input circuitry. The feedback signal vy is the
voltage across resistor R. Output signal sampled is output voltage v, (because if output current
was sampled, then the feedback gain § will be equal to the value of resistor R, but R is the
effective load in this circuit and feedback network cannot include the load). So, this circuit has
voltage-series feedback.

Feedback network’s input connection is between the JFET source terminal and the ground.
Similarly, feedback network’s output connection is also between the JFET source terminal and
the ground terminal. In order to obtain the open-loop input circuitry we short circuit the output
connection terminals of the feedback network. Then, to obtain the open-loop output circuitry
we disconnect the input connection terminals of the feedback network (so, resistor R becomes
part of the open-loop output circuitry). Then, as shown in Figure 1.1.41 e put the open-loop
input and output circuitries together and we obtain the initial open-loop circuit (i.e., circuit
without feedback) below. Note that, we have to indicate the feedback signal vy at the output
circuitry of the open-loop circuit with the correct polarity.
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T .
‘ |
G /1

™ o_-.hl | 3
D) v
l'-‘.:.'

2

A8 v+ |

Figure 1.1.47: Initial open-loop circuit of the circuit given in Figure 1.1.46.

Now, let us replace the JFET transistor with its small-signal equivalent model and obtain the
open-loop small-signal equivalent circuit below

0 0
n' A~

5

Figure 1.1.48: Open-loop small-signal equivalent circuit of Figure 1.1.46.

Now, the feedback gain g is given by |3 = U,
Vo

Note that, as output current flows through and output voltage is across R, R is the effective
load. L., 7, = 1]

From the figure above let us calculate the open-loop amplifier parameters R;, R, and A,,.

R =4 — 0| |R,=

5

Vo Vo
- = Tds A'u - = gmTds
RL:OO Zo RL:'UO,US:O U'L RL:OO

Now, let us calculate the closed-loop amplifier parameters R, R, and A, using the voltage-
series feedback formulas derived before.
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Ro Tds 1

~

RO == = ~
/ 1+ ﬁAus L+ gmras 9m

. Av _ 9mTds
TN BA, T 1+ guras

Figure 1.1.49: Equivalent closed-loop amplifier block diagram of the circuit given in Figure 1.1.46.

From the closed-loop amplifier diagram above, we can also find the overall closed-loop voltage
gain Ay, as

Ry Ry,
Ay = A,
"' R+ Ry Y Ry + Ry
R
pu— AU
"Ry +R

Example 1.3: Determine the feedback type, derive the open-loop circuit and find feedback
gain [ for the feedback amplifier shown below.

Figure 1.1.50: A multistage amplifier system (a voltage-series feedback example).
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Solution: Feedback type is voltage-series feedback and feedback network, consisting of resistors
R, and R,, connects the output and input networks to each other. Consequently, open-loop
circuit is derived as shown below

Figure 1.1.51: Open-loop circuit of the circuit given in Figure 1.1.50.

. . Uy R1
Thus, feedback found S pe————
us, feedback gain (3 is found as |3 o " R R

Example 1.4: Determine the feedback type and derive the open-loop and closed-loop amplifier
parameters (i.e., input resistance, output resistance and gain) for the collector feedback circuit
below.

R.:'J-ﬂ Rlﬂr

Figure 1.1.52: A collector feedback circuit (a voltage-shunt feedback example)

Solution: Output and input network have one common element R’ which provides feedback
in this circuit. It is connected in parallel (i.e., shunt connection) to the input circuitry. The
feedback signal i; is the current through resistor R'. Output signal sampled is output voltage
Uo. S0, this circuit has voltage-shunt feedback.
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Feedback network’s input connection is between the BJT base terminal and the ground. Sim-
ilarly, feedback network’s output connection is between the BJT collector terminal and the
ground. In order to obtain the open-loop input circuitry, we short circuit the output connection
terminals of the feedback network. Then, to obtain the open-loop output circuitry we short
circuit the input connection terminals of the feedback network. Then, as shown in Figure 1.1.42
e put the open-loop input and output circuitries together and we obtain the initial open-loop
circuit (i.e., circuit without feedback) below. Note that, we have transformed the input voltage
source to a current source as feedback signal is a current signal and also indicated the feedback
signal iy at the output circuitry of the open-loop circuit with the correct direction.

Figure 1.1.53: Initial open-loop circuit of the circuit given in Figure 1.1.52.

1 1 1
B=AL =1

N the feedback gai is gi b —_— =
ow, the feedback gain f is given by v SR 7

Note that, as output current flows through and output voltage is across R¢, R¢ is the effective
load, i.e., .

From the figure above let us calculate the open-loop amplifier parameters R;, R, and R,,.

i o 1
Ri= - — R|hie| |Ry= -2 =R
Yi |Ry=co 0 | Rp=v0,is=0 Poe
v 1 R
R, = > =—hp | R —
1; R; =00 f ( ||hoe) R/—Fhie

Now, let us calculate the closed-loop amplifier parameters Ry, R, and R, using the voltage-
shunt feedback formulas derived before.
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Ri R,Hhie hie
1+ BRy D fe Re Rc
14+ (R'||1/hoe 1+ hp—
I o) o ) v Re TR
R, R||1/hoe ( Ri> R
Ry = = ~ (14 )
° Ry h e
1+6Rms 1+ (RlHl/hoe) fi Rs hfe
R, + R; R+ hje
hR'
o 11 fe
= Rm B (R H /hoe) R/ + hie N _R/
e 1+5Rm N h'fe -
1 111
+ (R H /h’oe) R/‘i_hl'e

Figure 1.1.54: Equivalent closed-loop amplifier block diagram of the circuit given in Figure 1.1.52.

From the closed-loop amplifier diagram above, we can also find the overall closed-loop transre-
sistance gain Rz, as

Vo Rs RC

Ry = = = o Ry
M e T R+ Ry ™ Ry + Re

. Vs
where 7, = —
S

Thus, overall closed-loop voltage gain Ay will be given by

U, Uy 1

A _ — = —_ — R
Vsf v, Z.SRS Rs Msf

Example 1.5: Determine the feedback type and derive the open-loop and closed-loop amplifier
parameters (i.e., input resistance, output resistance and gain) for the common emitter circuit
below.
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9 Vee

|

Figure 1.1.55: A common emitter circuit (a current-series feedback example).

Solution: Output and input networks have one common element Rz which provides feedback
in this circuit. It is connected in series to the input circuitry. The feedback signal v, is the
voltage across resistor Rg. Output signal sampled is output current i,. So, this circuit has
current-series feedback.

Feedback network’s input connection is between the BJT emitter terminal and the ground. Sim-
ilarly, feedback network’s output connection is also between the BJT emitter terminal and the
ground. In order to obtain the open-loop input circuitry, we disconnect the output connection
terminals of the feedback network. Then, to obtain the open-loop output circuitry we also dis-
connect the input connection terminals of the feedback network. Then, as shown in Figure 1.1.43
e put the open-loop input and output circuitries together and we obtain the initial open-loop
circuit (i.e., circuit without feedback) below. Note that, have to indicate the feedback signal vy
at the output circuitry of the open-loop circuit with the correct polarity.

‘vf.:’\‘
|"+ Y '-"{

R, E

ATAA" o

Figure 1.1.56: Initial open-loop circuit of the circuit given in Figure 1.1.55.
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Now, let us replace the BJT transistor with its small-signal equivalent model and obtain the
open-loop small-signal equivalent circuit below

R, B C
_‘.‘"\’\J__ G - '*
- e l I, +
I, =1,
+
h, g G:) kT, § 1l g R, V,
- |
x| v 1) A
AN © AN

I"fi |"+ Y '-‘ 1|ft_

Figure 1.1.57: Open-loop small-signal equivalent circuit of Figure 1.1.55.

— Ryi,
Now, the feedback gain f is given by | § = U _ —EZ = —Rg|

io (29

Note that, as output current flows through and output voltage is across Ry, Ry, is the effective
load.

From the figure above let us calculate the open-loop amplifier parameters R;, R, and G,,.

Ri=2|  =Rp+he| |Ro=2 = 1/hoe + R
(2] Rr=0 Lo Ry =v0,vs=0
G o Z._o _ 1/hae hfe
" V4 R.=0 ]-/hoe + RE RE + hie
~ —hye
Rg + h;e

Now, let us calculate the closed-loop amplifier parameters R, R, and G,y using the current-
series feedback formulas derived before.

hwRg — 1/he + Rp
r = (L+5Gu) ( Ri + hie 1/hoe + R + Ry,
~ (hfe + ]-) RE + hie

) (R + hie)

RE + hie hfeRE
Rs+ Rg + hie R+ hie

Ry = (1+ pGps) R, = (1+ )(1/hoe+RE)zoo

_hfe

. Gw _  _Rpthe 1

™1+ BGy | e Rg
RE+hie
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Figure 1.1.58: Equivalent closed-loop amplifier block diagram of the circuit given in Figure 1.1.55.

From the closed-loop amplifier diagram above, we can also find the overall closed-loop transcon-
ductance gain Gy, as

io le Rof
G sf — — — Gm
M e T Re+ Ry ™ Ry + Ry

Thus, overall closed-loop voltage gain Ay will be given by

(Y 1 RL
Ast - U_O =2 = GMszL

S S

Example 1.6: Determine the feedback type and derive the open-loop and closed-loop amplifier
parameters (i.e., input resistance, output resistance and gain) for the multistage BJT circuit
below.

? Vee

Figure 1.1.59: A multistage BJT circuit (a current-shunt feedback example).

Solution: Output and input networks have two common elements R’ and Rp which provide
feedback in this circuit. It is connected in parallel (i.e., shunt connection) to the input circuitry.
The feedback signal iy is the voltage through resistor R’. Output signal sampled is output
current i,. So, this circuit has current-shunt feedback.
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Feedback network’s input connection is between the base terminal of (); and the ground. Sim-
ilarly, feedback network’s output connection is between the emitter terminal of () and the
ground. In order to obtain the open-loop input circuitry, we disconnect the output connection
terminals of the feedback network. Then, to obtain the open-loop output circuitry we short
circuit the input connection terminals of the feedback network. Then, as shown in Figure 1.1.44
e put the open-loop input and output circuitries together and we obtain the initial open-loop
circuit (i.e., circuit without feedback) below. Note that, have to indicate the feedback signal if
at the output circuitry of the open-loop circuit with the correct direction.

Figure 1.1.60: Initial open-loop circuit of the closed-loop circuit given in Figure 1.1.59.

i b1
+ B Ci B; C;

Y b2 +

i,_(T) §R5 Vi §hie1 Cl hitetin §Rc1 ghiez Cl hiezibz §Rcz Vo

Re
E:
V iz =

A

iHm

Figure 1.1.61: Small-signal open-loop circuit of the closed-loop circuit given in Figure 1.1.59.

) R
Now, the feedback gain  is given by |3 = Z—f = ﬁ
() E
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Note that, as output current flows through and output voltage is across Reao, Roo is the effective
load, ic..| Ry = Rea

From the figure above let us calculate the open-loop amplifier parameters R;, R, and A;. Note
that, for simplicity we take hye, = hpe, = 0.

Ri="|  =(R+Rp)llhie,| |Ro= 2

Yi |R, =0

= 0
R =v0,is=0

bo

Before calculating the total gain A;, let us first calculate no-load gain of the second stage A;,
and loaded gain of the first stage A;, as follows

) )
Aiz = ‘_O = ‘_O = _hfez
Ziz R.=0 sz
Note that i,, = %;, = tp,.
Rg + R Req

Allil.ﬂzz.ﬁz_ hf61
1 5 Rp + R+ he, Recq + Ry,

where R, is the input resistance of the second stage and given by

Riz - hi62 + (h’f62+1) (R,HRE)

Thus, open-loop no-load current gain A; is given by

) /
A=l = St bl
1; Ry =0 RE + R + hiel RCl —|— RiQ

Now, let us calculate the closed-loop amplifier parameters R, R, and Aj using the current-
series feedback formulas derived before.

o R (R + )l
v 1 —I—BA[ N 1+ RE hfelhfegR01
RE + R/ + hi61 RCI + RZ’2

R, Rg
of — 1 Ais o — 1 Al =
Ry =1+ pA5)R (+RS+R,~R’+RE )oo 00

Rg + R D fer Poges R
A — A; _ R+ R + hiel Rey + Rig ~14+ il
if 1 + BAl RE h/fel hffeg RCl - RE

1
T Ro+ R + e Rer+ R
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i f R, Ry f Ay g R, R.;
|

& -

Figure 1.1.62: Equivalent closed-loop amplifier block diagram of the circuit given in Figure 1.1.59.

From the closed-loop amplifier diagram above, we can also find the overall closed-loop current
gain Ay, as

A _fo_ R, Ry
MGy T Ro+ Ry Y Ry + Reo

. Vs
where 7, = —
S

Thus, overall closed-loop voltage gain Ay, will be given by

Vo o ioRC2 RC2

A = — = == A
Vsf v, Z.SRS Rs Isf
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1.2 Differential Amplifiers

Differential amplifier circuits have 2 inputs and 2 outputs, as shown by the model below.

Vil — Vol
V12 - Vaz

Figure 1.2.1: Differential amplifier model

Differential amplifiers are used to amplify the difference between the two inputs. Thus, differential
amplifiers are high gain and low noise amplifiers.

Differential amplifier can be realized by using two BJTs by connecting their emitter terminals
together, where inputs are given from the base terminals and outputs are taken from the collectors of
the two transistors, as shown below.

+
—0
r

l.rlI]

_":FI-.'

Figure 1.2.2: Differential amplifier with a common emitter resistance

It can be operated with a dual power supply: Voo to —Vgpg; or with a single supply: Vee to
GND.

1.2.0.1 Three Modes of Operation
There are three modes of operation for differential amplifiers:

1. Single-ended mode
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- an input signal is applied to one of the inputs and the other input is grounded.

2. Common-mode

- the same input signal is applied to both inputs.

3. Differential-mode

- two opposite polarity input signals are applied to its inputs.

1.2.1 DC Biasing

Both inputs are grounded (no AC input) and we assume that both transistors are well matched

(Ql = Q2)-

+Vec

- v.’;‘f:‘

Figure 1.2.3: Differential amplifier DC biasing

Veg =0 — Veroon) = —VBEON) ... (as Vg, (on) = VBE2(0N)) (1.2.1)
Veg — (=Ver) Vee — Veron)
Igo = = 1.2.2
Ieq

[CQ = [CQ1 = ICQ2 = ... (as IBQl = [BQQ and 1 = [y > 1) (123)

2

We can now calculate the DC voltages around the circuit as follows

VCQ = Voo — ICQRC .. ‘VCQl = VCQ2 = VCQ (1.2.4)
VCEQ =Veco + Ve — ICQ (RC + QRE) ... VCEQl = VCEQQ = VCEQ (1.2.5)
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Note that as Ipg, = Ipg, and 1 = [a (i.e., hfe, = hye,),

hie1 = hiez == hie- (126)

1.2.2 Small-Signal Analysis

ip;
B >
. I Cl Vor Vo2 Cz
he Y hpin - heips |
Vir ’\l 1 k i
-|_ El T it‘l' ‘t?T
-
—— ——
(1 + hg) inr (1 + hp) iy
R

Figure 1.2.4: Differential amplifier small-signal analysis circuit.

Let us express the outputs in terms of the base currents assuming e, = hoe, = 0,

Voy = —hfeibch (1.2.7)
Voy = —hfeib2Rc. (128)

Let us express the inputs in terms of the base currents where v. = [(hp + 1)ip, + (hfe + 1)is,| RE,

Viy = Upey + Ve = hicip, + [(hge + 1)iv, + (hpe + 1)ip,| Rp

= [hie + (hfe + 1)RE] ibl + (hfe + 1)REib2 (1.2.9)
Vi = Ubey + Ve = hie’ib2 + [(hfe + 1)ib1 + (hfe + 1)ib2] RE
= (hge + 1)Rgip, + [hic + (hpe + 1) RE] i, (1.2.10)

In order to obtain i, and i, in terms of let us first express (1.2.9) and (1.2.10) using matrices and
take the inverse of the equation matrix (you can also obtain base currents using the classical variable
elimination method)

vir| _ [hie + (hee + )Rp - (hpe + )R | [i, (1.2.11)
Vig (hfe + 1)RE hie + (hfe + 1)RE ibQ -

Thus, base currents 4, and 7, are given by

ibl _ 1 hie + (hfe + 1)RE —(hfe -+ 1)RE Vi, (1 9 12)
hic [hie + 2(hge + )RE] | —(he + DRe  hie + (hpe + DRE| (vi,| o
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Hence,
[hie + (hfe + 1)Rg|vi, — (hfe + 1) Rpv;,
hie [hie + 2(hge + 1) RE]
[hie + (hfe + 1)REg|vi, — (hfe + 1)Rpv;,
hie [hie + 2(hge + 1) Re] '
Finally, the output voltages are expressed in terms of the input voltages as follows,
[hie + (hfe + 1)Rg|vi, — (hfe + 1)Rpv;,
hie [hie +2(hge + 1) RE]
hie + (hfe + 1)Rg|vi, — (hpe + 1)Rg vy,
hie [hie + 2(hge + 1) Re] '

1y =

by

Voy = _hfeRC

Voy = _hfeRC [

1.2.3 Single-Ended Mode Operation

In this mode a signal is connected to one input and the other is grounded, i.e., v;, = 0.

+Vee

’—K Q, )

Vi r\l in=
+

~Vee

Figure 1.2.5: Single-ended differential amplifier.
By setting v;, = 0 in (1.2.15), we obtain

A Yo _ —hgRe [hie + (hge + 1)RE|  —hpRe
* vy [hie+2(he + DRelhie 2k

(1.2.13)

(1.2.14)

(1.2.15)

(1.2.16)

(1.2.17)

Note that if take the output from the opposite collector (see (1.2.16)), the gain becomes positive,

Vo, _ hpRo((he+1)Rp] _ hpRo 4
Vi, [hie + 2(hfe + 1)RE] hie B 2hie v

ol

(1.2.18)



e Input resistance of the single-ended mode is given as
R, = -* (1.2.19)
Zbl
[hie +2(hse + 1)RE] hic
= o 1.2.13 1.2.20
hie + (hge + 1)Rg rom ( ) ( )

= 2Ne.

Consequently, input resistance of the single-ended mode is given by

(122
e Let us show the input and the two out-of-phase outputs in the figure below
Vo, / L ¥4

I NN
L

Figure 1.2.6: Two out-of-phase outputs of the single-ended differential amplifier.

e Now, let us show the input and the differential output in the figure below

S
ll'H]

|||—

Figure 1.2.7: Differential output of the single-ended differential amplifier.

1.2.4 Common-Mode Operation

In this mode, the same signal is applied to both inputs, i.e., v;, = v;, = v;. As the differential amplifier
amplifies the difference between the inputs, common-mode gain should be quite small.
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+Vcc

| 2, 2,
4"
+ "

Vee

=~

-

Figure 1.2.8: Common-mode differential amplifier.

By setting v;, = v, = v; in (1.2.15) and (1.2.16), we obtain

Vo _ Ve —hplflo
Vi N (5 N hie + 2<hfe -+ 1)RE

A.=

e We see that input resistance of the common-mode, R;, = - qub , is
1 2

c

hie
R, = 7 -+ (hfe -+ 1)RE ~ (hfe -+ 1)RE

e As we define the differential output as
UO - Uol - UOQJ
if the differential amplifier is balanced, i.e.,
Re¢, = Re, = R,

then the differential output common-mode gain is zero,

% _ Voy — Vo, _ _hfe (RC1 — RC2) _ _hfe (RC - RC) —0
U; V; hie + 2(hfe + 1)RE hie + 2<hfe + 1)RE ’
1.2.5 Differential-Mode Operation
In this mode, two opposite polarity signals v;, = —v;, = % are applied to the inputs
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—V

—1 e

n,
+

v

Ve

Figure 1.2.9: Differential-mode differential amplifier.

By setting v;, = % and v;, = —% in (1.2.15), we obtain
Ay = o —heRe
Vg the

Here, vy is called the differential input, i.e.,

Vg = Uiy — Uy

(1.2.25)

e Note that if take the output from the opposite collector (see (1.2.16)), the gain becomes positive,

Vo _ Vo _ hpllc

Vg Vg 2he

e We see that, input resistance of the differential-mode, R;, = ;’b—d, is
1

Rid — the

e As we define the differential output as
Vo = Vo; — Voy,
if the differential amplifier is balanced, i.e.,
Re, = Re, = Re,
then the differential output differential-mode gain is doubled,
Uo _ Voy —Voy _ —hp (Re, + Re,)  —hyse (2Re)

Vg Vg the the

o4

= = 2A,.

(1.2.26)

(1.2.27)

(1.2.28)



1.2.6 Linear Operation

. . . . Uiy + 05
e Let us represent the two input signals v;; and v;, in terms of their average vay, = % and
difference vy = v;; — v;,,
v
Vi, = Vayg + Ed (1.2.29)
v
Viy = Vg — g (1.2.30)
e If the system is linear then we can write the two outputs v,, and v,, as follows
Vo, = AcVavg + Aqvg (1.2.31)
Vpy = AcVayg — Ad Vg (1.2.32)
e Similarly, the differential output v, of a balanced differential amplifier becomes
Vo = Vg, — Upy = 24404 (1.2.33)

NOTE: Differential amplifier with a common emitter resistance (see Figure 1.2.2) can always be
considered to be linear.

1.2.7 Common-Mode Rejection (Noise Rejection)
In common-mode, the signal common to both inputs will have a low gain (A.).

In differential-mode (single-ended or double-ended), any signal that is common to both inputs
will have a low gain. In differential-mode, any signal that is common to both inputs is noise.

The ability of the amplifier to have a low common-mode gain, i.e., not amplify signals that are
common to both inputs, is called Common-Mode Rejection.

e Then, the Common-Mode Rejection Ratio (CMRR) is given by
A
CMRR = Id (1.2.34)
hie +2(hse + 1)RE
= 1.2.
e (1.2.35)
e CMRR can be also represented in dBs, i.e.,
A
CMRR = 201log,, Kd (1.2.36)

e To improve common-mode rejection:

o A, must increase

o A, must decrease, i.e., Rp must increase.

One method is to increase the value of Rg by replacing it with a constant-current source
circuit.
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1.2.8 Differential Amplifier with a Constant-Current Source

Re Re
1I-II"'I V"?
2s
R .
3

Vee

— %
[
8

Figure 1.2.10: Differential amplifier with a constant-current source.

This increases the AC impedance for Rg.
Constant-current sources can be built using FETs, BJTs and a combination of these devices.

1.2.8.1 Constant-Current Source Circuits

~Vee

Figure 1.2.11: A BJT constant-current source with resistors.
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Collector current /- is independent of the load circuit connected to the collector and given by

Ic=1Ig (1.2.37)
Ve — Veeon) — (—VeE)
_ 1.2.38
o (1239
R
ﬁ Vee — VBE(ON)
~ 1 2 ... where (IR1 = IRQ) > ]B- (1239)

Rg

Current source with a Zener diode

i

_VEE

Figure 1.2.12: A BJT constant-current source with a Zener diode.
Collector current I is independent of the load circuit connected to the collector and given by

Io = I (1.2.40)

Vz — VBE(ON)
= ——"“ 1.2.41
i (12.41)

Current Mirror

0, 2

Figure 1.2.13: A current-mirror constant-current source.
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Current-source current [ is given by

[ =1, (1.2.42)
= [C1 ...as Ql = QQ, i.e., VBEl(ON) = VBEQ(ON) and 51 = /82, (1243)
= ]X ... as [C1 > 2[3 where IX = IC'1 + 2[3, (1244)

Vee =V,
— ¢ “BEQON) (1.2.45)

Rx

Current-mirror circuits are used to provide constant current in integrated circuits.

|| Iz I3 dN
Qi k‘ QQ }/‘93_ _ QN
I~ ~, s
Figure 1.2.14: Identical current-mirror constant-current sources (I; = Iy = -+ = Iy).
Identical current-mirror constant-current sources (I; = Iy = .-+ = Iy) can be made as shown in

Figure 1.2.14.

Figure 1.2.15: An improved current-mirror constant-current source.

Homework 1.1: Consider Figure 1.2.15 above and find [.
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1.2.8.2 Analysis of Differential Amplifier with a Constant-Current Source

+Vee

-

Figure 1.2.16: Differential amplifier with a constant-current source.

Let us analyse the differential amplifier with a constant-current source shown in Figure 1.2.16.
Note that sum of the emitter currents is constant due to the constant-current source, i.e.,

ip, +ig = Io (1.2.46)

Iy (mA)

16

Defined polarity and
direction for graph
¥,
+ D =
— 1y

Forward-bias region
(Vp >0V, I;;>0 mA)

| 1
_:ll] -30 -20 -10 ! TJFA‘(U\ 05 0.7 | 1 | || Vp (V)
_02uA 7 No-bias

(Vp=0V,I,=0mA)

~03pA
-0.4pA

Figure 1.2.17: Diode IV characteristics.

Before continuing any further, let us remember the pn-junction diode characteristic equation,
Ip = Ig (e —1), (1.2.47)
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where [g is the saturation current and ~ is the thermo-equivalent potential given by v = %T, where k
is the Boltzman constant, T is the temperature in Kelvins and ¢ is the Coulomb charge. At the room
temperature, 7' = 300K (i.e., T' = 27°C'), thermo-equivalent potential v is given by

v =26mV. (1.2.48)
Under forward bias, the diode current Ip simplifies to
Ip & Ige"P/ (1.2.49)

In a BJT, as BE-junction is as pn-junction, under forward bias we can write down the emitter currents
of a differential amplifier as follows

ip, = Ipge'?e/7 (1.2.50)
ip, = Ips evBE2/Y ... Note that Q1 = Qs. (1.2.51)

Let us express the ratio of constant-current source current Ip to the emitter current I, using
(1.2.46) as follows

I .
04 (1.2.52)
ZEl ZEl
Tra eVBEs/Y
_ ] BsC (1.2.53)
IES GUBEl/'Y

— 1+ e(vBE—vmE) /7 (1.2.54)
=1+ e(via=vir) /1 (1.2.55)

where UBE, = VBE(ON) + Vi1 and UBEy = VBE(ON) + V2.

We can now express the inverse ratios % and %2 as

o 1
YEr 1.2.56
Iy 1+ e(viz=viy )/ ( )

and

15, 1
By _ 1.2.57
Iy 1+ e(”if”iz)/'y ( )

respectively. Note that
B, im,

=g P2 1.2.58
1y + Iy ( )

As the collector currents are (almost) equal to the emitter currents, we can plot these ratios as
follows
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[—'_ T 1 .01 T T 1T 7

fea /Iy / region® | icr 1 4y

Normalized collector current, ic/

-0 -8 -6 -4 -2 0 2 1 8 8 10
Normalized differential input voltage
va—via) 'y

Figure 1.2.18: Ratio of the collector currents to the constant-current source.

From the figure Figure 1.2.18, we see that the linear region resides in between +(1.157).
Thus, if

Vi, — viy| = |va] < 30mV

(1.2.59)

then, differential amplifier with constant-current source is in the linear region and the following linear

operations will hold,

Vo, = Ac Vavg + Ad Vd

Voy = AcVayg — AdVq.

Example 1.7: For the circuit in Figure 1.2.19 below find v, = v,, — v,, for

v, =0V and v;, = 58.5mV
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J—

,\J Viy
1N

—

n Y Vee=15V
Re =1kQ
1 I, =10mA
=

Figure 1.2.19: A differential amplifier with constant-current source (a differential amplifier example)

Solution: Let us first calculate the % ratio
ic, 1
Iy 1+ elvi—vi ) /7
- 1
"1 + e(58.5m—0)/26m
1
1 T 225
=~ 0.095.
Thus, i¢, and i¢, are given by
_la

ic, = T Iy = (0.095)(10m) = 0.95mA,

ic, = lo — Io, = 10m — 0.95m = 9.05 mA.
Consequently, v, is given by

v, = (Voo —ic,Re) — (Vee — ic, Re)
(ic, —ic,) Re

— (9.05m — 0.95m) 1k

=8.1V.

1.2.9 Differential Amplifier Parameters
e Input offset voltage : Vo
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o Input voltage difference (Vg, — Vp,) which makes v, =0V.
— Due to the Vpgon) difference of the two BJTs, i.e., when Vgg on) # Vee.con)-

e Input offset current : I;o

o Input current difference (Ig, — I,) which makes v, =0V.
— Due to the hy difference of the two BJTs, i.e., when hy, # hy,.

1.2.10 Improvements

O -V

Figure 1.2.20: Differential amplifier with a transistor at the collector.

The differential amplifier in Figure 1.2.14 has an improved output voltage swing.

Vee
4

a +———17a,

“Vee
Figure 1.2.21: Differential amplifier with a current mirror at the collector.
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Homework 1.2: Considering the circuit in Figure 1.2.21 above, find the common-mode gain A,
and differential mode gain A, during linear operation.

HINT: While performing small-signal analysis, consider R = co and employ current-mirroring.
You may start from DC analysis to understand the effect of the current mirror.

1.2.11 FET Differential Amplifier

Differential amplifier can also be realized by using two FETs by connecting their source terminals

together, where inputs are given from the gate terminals and outputs are taken from the drains of the
two transistors, as shown below.

Vi

Vi ’\I ’\l
JE_ = R = JT_

~Vss
Figure 1.2.22: FET differential amplifier with a common source resistance.

1.2.11.1 Small-Signal Analysis

DZ
Vn| Vuz
gmvgsz *
R R
Yy ° " Via
TID:l I.sz
—— ——
Em¥gs1 EmVgs2

Figure 1.2.23: FET differential amplifier small-signal analysis circuit.

Let us express the outputs in terms of the base currents assuming r4s, = rg4s, = 00,

Voy = _gmvgisD (1260)

Voy = —GmUgss RD- o As Q1= Qg and Ipg, = Ipg,, 9m = Gmy = Gme- (1.2.61)
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Let us express the inputs in terms of the gate-to-source voltages using matrices, where vs = [¢,Ugs, + GmVys,| Rs

v; I+ ngS ngS Vgs
- ! 1.2.62
|:U7L2:| |: ngS 1+ ngS Ugss ( )

Thus, employing the linear algebra principles voltages we obtain v,,, and vy, as the following
Vgsy 1 1+ ngS _ngS V4
e ) 1.2.63
[vgsj 29 s { ~guRs 1+ guRs| v (1.2.63)

e Hence, by setting v;, = v;, = v; in (1.2.63) and employing (1.2.60) and (1.2.61), we obtain the
common-mode gain as

Vo, o Voqy - _ngD

Ao=- =T “9mTD |
Vi Vi 1+29mR5

(1.2.64)

e Similarly, by setting v;, = % and v;, = —% in (1.2.63) and employing (1.2.60) and (1.2.61), we
obtain the differential-mode gain as

Uol _ngD
Aj=—=—"— 1.2.65
d Va 2 ( )

e NOTE: FET differential amplifier with a common source resistance (see Figure 1.2.22) can be
always considered to be linear. Thus, the linear operation holds:

Vo, = Ac Vavg + Ad (%

Vo, = Ac Vavg — Ad Ugq.

1.2.12 Uses of Differential Amplifiers
1. Gain amplifiers in operational amplifiers
— Due to high voltage gain
2. Comparators

— Due to high sensitivity to the differential input, e.g., measurement circuit below

Vee

+0O
10

“Vee
Figure 1.2.24: A differential amplifier measurement circuit
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Here, Rpj signifies a thermistor whose resistance varies with temperature. Note that, the
output is zero, i.e., v, = 0V, only when Vi = V5.

1.2.13 Examples

Example 1.8: For the circuit below,

i. Calculate the value of R in order to make v, =0V when v; =0V.

ii. Find v, when v; = 1 mV sin(wt).

hfe = hFE = 100,0[ = 1, VBE(ON) =06V

V{;c =20V

Rq
2MQ Re
Qs %1 25MQ
Ry

R é Rs %Rc
2
100k 100k 1.94M02

Qs Q
Vi O_K01 Qz:l—_L

L7 X

& —— o 38,

O Vee = 20V
Figure 1.2.25: Differential amplifier circuit for Example 1.8.
Solution: i. Let us first calculate the value of the constant-current source I

- Vee = Veroon) — (—Ver)

Iy = ing Ig., dI
0 R4 n R5 ignoring Ip., Lp, an Bs
20— 0.6 — (—20)
 2M +1.94M
= 10 pA.
Thus, [CQI = [CQQ = %0 = mTM = 5uA

In order to find Irg, we need to write a KVL equation for the (Rg, Ry, Ry)-loop
Voo — Relre — VBEs(on) + Rilr1 + VBEson) + Ralrs = Voo
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Thus Igg is given by
_ RiIpy + Rylpy
Rs
(0.10)(50) + (2M) (10p)
= oI =21 =10 uA
1.25M re=Jo=10p
= 16.4 pA.

Ire

Thus, ‘[CQG = ]C’Q7 = I% = % =8.2 [LA

Hence, IBQg = ICQ7 =8.2 ,uA
ICQg = hFEIBQg == (100)(82}1,) =0.82 mA.

Consequently, R is given by
V - Vo
R — 2 v
logs
. 20-0

0.82m
= 24.39k().

ii. First stage differential amplifier (with a constant-current source) is in the linear mode (as
vg = 1mV < 30mV), so let us calculate the h;. values for the relevant transistors and the input

resistance R;, of the last stage as Rq, = R,

925
hie, = Rie, = hfejl - 1005—m — 500k,
CQ1 %
e = = e —10022™ — 305K0
teg — lbier — Ilfe [CQ7 - 82” - )
0 25m
Bion = hjo—— = 100——"— — 3.05kQ)
s Y oo 0.82m

Re, = Ry, = hieg + (hge + 1) Ry = 3.05k + (101)(5k) = 508.05 k(.

Linear-mode differential output of the first stage, (ve, — v¢, ), is given by

o hfezRCHtheG o hfeRCHhieG

Vo, — Voy = o, U; o U;
1 1
_ (100)( OOk:HBO5k)(1m)
500k
= 0.015 V.

Output of the second stage, v, is given by

“hpRe.
Ve, = #@C (UB7 - UBG)
—(100)(508.05k)
= 0.015
)05 0015)
=—-125V.
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Finally output v, is given by,

V, = _hfeRC v v, = —&U
o hies + (hfe + 1)R7 C7 - Up R7 C7
—(100)(24.39k)
= —1.67
508.05k ( )
= 6 Vsin(wt).

Example 1.9: For the circuit below, (HINT: Use forward bias diode equation for diodes)

i. Calculate the value of R in order to make v, = 0V when v; =0V.

ii. Find v, when v; = 20 mV sin(wt).

hfe = hFE = 20,0& = 1, VBE(ON) = 0.6\/,’7 = 25mV

R3

:

= 10MQ

=0V,
Vi Q1 Qz

R lo
30kQ SOpA

é 'VEE =-25V
Figure 1.2.26: Differential amplifier circuit for Example 1.9.

Example 1.10: For the circuit below, calculate the value of Ry/R; in order to make v, =0V
when v; =0V.

hfe = hFE = 100,0( = 1, VBE(ON) =06V
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?
2.5 3

1.2MQ

Qs
Vi 0—':01 Qz:lj
= Q;
In 0V,
QY ¥
s RAMIT :

R;

oo,

é 'VEE =15V

Figure 1.2.27: Differential amplifier circuit for Example 1.10.
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1.3 Operational Amplifiers

Operational amplifier or op-amp, is a very high gain differential amplifier with a high input
impedance (typically a few mega ohms) and low output impedance (less than 100 ohms).

V; ,
Inverting input ——— —

Op-amp

Output

Viy

Noninverting input +

Figure 1.3.1: Operational amplifier block diagram

Note the op-amp has two inputs and one output, and op-amp amplifier model is shownin Fig-
ure 1.3.2 below.

R

(e}

[ NNV

Vn’ §R’- % Advd V() ’Vd:VJr_Vi:‘/;Q_V;l

Figure 1.3.2: Operational amplifier model

1.3.1 Ideal Op-Amp Properties

1. Infinite Input Resistance: R, =
2. Zero Output Resistance: R,=0

3. Infinite Voltage Gain: Ag =00
4. Infinite Bandwidth: BW = o0

5. Infinite output current
6. Perfect Balance, i.e., v, = 0 when v;, = v;,

7. Above characteristics do not drift with temperature

1.3.2 MC1530 Operational Amplifier

Let us perform DC and AC analysis on the electronic circuit of the MC1530 op-amp shown below.
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10 Lag 9 6 8 7
o compensation % Veel+6 V) Oanﬁ;gn
- - _ sation
(115 K) (B2
e
Ie * I., SBK

)"

Noninverting

terminal
1 5
e
Q|| Qf |iasv Y%
- Sl
2 I.1L R
laverting ‘04 fusK Q10
terminal
k‘\ -314v R IR
Q1 +—AMN———AN
D1 (32K) i—,-’r 34 K)
R v D2 =
22 K R,
1.5 K)

|
GND © i*v,_.,t—sw
3 4

Figure 1.3.3: Electronic circuit of the MC1530 op-amp

Amplifier stages in Figure 1.3.3 can be identified as shown in Figure 1.3.4 below.

=

-

3
et

DIFF. AMP DIFF. AMP Emitter follower Level translator and
output driver

Figure 1.3.4: Block diagram of the MC1530 electronic circuit in Figure 1.3.3

1.3.2.1 DC Analysis

Let us perform DC analysis calculations on the MC1530 opamp internal circuitry.
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Rs

Ve, 2 (=Vis + 2V, — 0 — 314V
B ( EE T D(ON)) Rt e
Vi 4+ Vi, — V;
Lq = VB T VBON g A
Ry
I
ICQ = IC3 = E = 0.495mA
Vi, = Voo — I, Ry = 2.18V
Ve, Ve, — VBroon)
Ig= -2t = 22 = 0.986 mA
°" Ry Rq "
I
Io, = 56 = 0.493mA
Vs 2 Voo — Io, Ry = 4.52V
Vi = Vs — Vagon) = 3.82V
Vie — V,
I I, = 2 RDS(ON) = 1.56 mA
8

hfe == hFE == 100,0& == lvaE(ON) = VD(ON) =07V

10 Lag 9 6 8 7

compensation ? Veel+8V) 9 Lead
11-ompen

sation

Noninverting
terminal

[nverting
terminal

Q9

d:l e

5910

GND © - Veg(=6V)
3 4

Figure 1.3.5: MC1530 DC analysis calculations - 1

Let us continue with the DC calculations on the output stage consisting of Qg, Q9 and Q19

transistors

Vs = —Ver + 2Vpgon) = —4.6V
Vi—Vg

Iy = ———= =14mA

9 Re m

Lo =Io, + Ip, — Ig 2 Ic, — Iy = 0.16 mA
Vo = Ve + LipR1p = 200mV = 0 V.

Ry
[ ‘\"W
: 6 K)
+~
..\.l,'f/
* ——
- a.n \

Vl M
xg

Figure 1.3.6: MC1530 DC analysis calculations - 2: Output stage
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1.3.2.2 Small-signal Analysis

Let us perform small-signal analysis calculations on the MC1530 opamp internal circuitry.

10 Lag 6 8 7

9
T' compensation ? @ Veel#6 V) ou}n?a:[in
| | sation
| 1
. | IR,

(175 K) I \ .
115 g! " est | R, ‘ R,
#L‘: .
Iy (75 K) ’;Ia %3 K) ‘ ‘ (5 K)

D e
hiey = Ricy = hie, = hies = 2 = 5.2k0

7 28V Q9
C Noninvertin ! | 52 \\
f 2 :minal }\ L__g l 4 (6 K) [{(30 K) }
2R}, = 2Ry]|2h,e, = 6.22kQ lﬂ @ @ RN ;
! +—0
R;:R7HR¢6 =~ R; = 3kQ e 3| i Y%
20 -460V @
Inverting Q@10
] i
v h QR/ terminal . & cr ‘@
A _ 2 DRt 5997 VWA —— Iz
1 V1 2hi62 xR N7 Y , 3.2 A8 N e ] .
_ / : 2 ) j:ﬁﬁ r D4
A = Y _ —hfeR? = —28.85 @2 Kl§ R, ' @ T
v2 Vg thes (1.5 K) ' | | N
PV I R
Av3 = U_ =1 GND © O =Vee(=6V)
3 3 4
(% —Ryo
A, = 2~ = _5 R,
v V4 Rg AN
A, = AL AT AT A, = 8628 -
v
- > b
= ';L _i_
DIFF. AMP DIFF. AMP Emitter follower Level translator and

output driver

Figure 1.3.7: MC1530 small-signal analysis calculations

1.3.3 Op-Amp Gain

Op-Amps have a very high open-loop gain. They can be connected open- or closed loop.

Open-loop refers to a configuration where there is no feedback from output back to the input.
In the open-loop configuration the gain can exceed 10000.

Closed-loop configuration reduces the gain. In order to control the gain of an op-amp it must
have feedback. This feedback is a negative feedback. A negative feedback will reduce the gain
and improve many characteristics of the op-amp
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1.3.4 Inverting Op-Amp Amplifier

A A
Ry
Vi —AAN =
R,
Op-amp —V,

Figure 1.3.8: Inverting op-amp amplifier.

The input is applied to the inverting (—)-input; the non-inverting (+)-input is grounded. The
resistor Ry is the feedback resistor; it is connected from the output to the negative (inverting)
input. This is negative feedback.

1.3.4.1 Virtual Ground

An understanding of the concept of virtual ground provides a better understanding of how an
ideal op-amp operates.

o The non-inverting input pin is at ground. The inverting input pin is also at 0V for an AC
signal. This is because ideal op-amp open-loop gain is infinity. As A = oo,

,UO UO
vy —v- = —=— = 0.

A o
Thus, vy =v_.
o As the ideal op-amp input resistance is infinity, i.e., R; = 0o, no current goes through
the terminals of the op-amp, i.e.,

by =—1_=——77—=0.
Thus, all of the current is through Ry.

Consequently, the inverting op-amp circuit simplifies to the following circuit below

Ry Ry
M AN i
—- —
! I
Vi ’\I i Vi=0V Vo
;=0
Y

Figure 1.3.9: Simplified inverting amplifier circuit for an ideal op-amp.
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1.3.4.2 Gain

From the simplified inverting amplifier circuit,shown in Figure 1.3.9, gain can be determined by
external resistors: Ry and R;.

= (1.3.1)

The negative sign denotes a 180° phase shift between input and output.

Homework 1.3: Derive the gain when A # oo using normal KVL and KCL equations and
observe that when A — oo it gives the result above.

Homework 1.4: Derive the same gain using feedback analysis, i.e., determine the feedback
type, draw the open-loop circuit, find the open-loop gain, obtain the closed-loop gain and then
obtain the voltage gain v,/v;. Observe that the result is exactly same as the one derived in
Homework 1 above.

Homework 1.5: Repeat Homework 1.3 and Homework 1.4 above for the noninverting
amplifier configuration.

1.3.5 Practical Op-Amp Circuits

Most commonly used opamp circuits are given below:

1.
2.

A

Inverting Amplifier
Non-inverting Amplifier
Summing Amplifier
Unity Follower
Integrator

Differentiator

1.3.5.1 Inverting Amplifier

0 AA"
Ry
Vi —AAN =
R,
Ry
Op-amp —— Vo=V
[’
Figure 1.3.10: Inverting amplifier.
By
o = ——U; 1.3.2
v R, v ( )
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1.3.5.2 Non-Inverting Amplifier

R,
Op-amp — "L:(] t ;\-' )\'I
|

R,

t

Figure 1.3.11: Non-inverting amplifier.

Ly
o= |14+ =) 1.3.3
w= (14520 (133)
1.3.5.3 Summing Amplifier
AN
Rl Rf
Vi —AAA—
Ry
V, —AAAN——— —
Ry
Vi —AAAN— Op-amp ——— v,

Figure 1.3.12: Summing Amplifier.

R R R
Vo = — (Eﬁvl + R—];’UQ + R#i’l]g) (134)
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1.3.5.4 Unity Follower

Vi
j_
Figure 1.3.13: Unity Follower.

Vo = U (1.3.5)

Any amplifier with no gain (or loss) is called a unity gain amplifier or a voltage buffer. Realistically
these circuits will be designed using resistors that are equal (R; = Ry) to void out problems with
offset voltages.

The advantages of using a unity gain amplifier:

e very high input impedance

e very low output impedance

1.3.5.5 Integrator

I
n
C
Vi —AAA——— —
R
Op-amp ——V,

Figure 1.3.14: Integrator.

The output is the integral of the input. Integration is the operation of summing the area under a
waveform or curve over a period of time. This circuit is useful in low-pass filter circuits and sensor

conditioning circuits.
1

—a [ vt (1.3.6)

Vo =
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1.3.5.6 Differentiator

0, ()

Figure 1.3.15: Differentiator.
The differentiator takes the derivative of the input. This circuit is useful in high-pass filter circuits.

dvy(t)
1.3.
U RC 7 (1.3.7)

1.3.5.7 Logarithmic Amplifier

Vi o—A :

oV,

Figure 1.3.16: Integrator.
Homework 1.6: Derive V.

HINT: Use the diode characteristic equation under forward bias.

1.3.6 Op-Amp Specifications - DC Bias and Offset Parameters

Even though the input voltage is zero, i.e., v;; = v;5 = 0, there will be an output, i.e., v, # 0. This is
called offset. Some of the following can cause this offset.

1. Input Bias Current

2. Input Offset Current
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3. Input Offset Voltage
4. Input Offset Voltage and Current Drifts
5. Power Supply Rejection Ratio
6. Open-Loop Voltage Gain
7. Slew Rate
8. Common-Mode Rejection Ratio
9. Input Resistance
10. Output Resistance
11. Open-Loop Bandwidth
12. Power Consumption (no input, no load)

13. Power Dissipation (with input, with load)

1.3.6.1 Input Bias and Offset Currents

Ip

V, =0

I,
e

+

Figure 1.3.17: Input bias currents.

Even though the input voltage is zero, i.e., v;; = v;s = 0, sometimes the output is not zero, i.e., v, # 0.
Then, bias currents Ip, and Ip, are supplied to the opamp to make the output zero, i.e., v, = 0.

e Input Bias Current (/;5) is defined as the average of the two bias currents:

IBl + IB2

5 (1.3.8)

IIB -

e Similarly, Input Offset Current (/o) is defined as the difference of the two bias currents:

Lo = I, — I, (1.3.9)
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1.3.6.2 Input Offset Voltage

Vi

_|_

\'"I()

V2 o
Figure 1.3.18: Input offset voltage.

Even though the input voltage is zero, i.e., v;; = v;s = 0, sometimes the output is not zero, i.e., v, # 0.
Then, an offset voltage Vo is supplied to the opamp to make the output zero, i.e., v, = 0. This offset
voltage is called the Input Offset Voltage defined by

Vio=Vi =V, (1.3.10)
1.3.6.3 Input Offset Voltage and Current Drifts

AV Al
Input Offset Voltage Drift, A—II”O’ and Input Offset Current Drift, A—é?’ where T" denotes the tem-

perature, indicate the sensitivities of the input offset voltage and input offset currents to the change
in temperature.

1.3.6.4 Power Supply Rejection Ratio

+ Vg
S+ _ AV}O
V=0 AVS V5 =0
AV
™= "2
—_—+ AV V=0
_\-"H

Figure 1.3.19: Power supply rejection ratio
1.3.6.5 Open-loop voltage gain
Open-loop voltage gain, A,, of an opamp is very high, e.g., for 741, A, = 2 x 10°.

1.3.6.6 Slew Rate
Slew rate is the time rate of change of the closed-loop amplifier output voltage under large-signal
conditions, that is, the maximum rate at which an op-amp can change output without distortion.

AV,
At

SR =
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The SR rating is given in the specification sheets as V/us rating.
Maximum Signal Frequency

The slew rate determines the highest frequency of the op-amp without distortion:

p< DR
27TVp

where V), is the peak voltage.

1.3.6.7 Common-Mode Rejection Ratio

One rating worth mentioning that is unique to op-amps is CMRR or Common-Mode Rejection Ratio.

Because the op-amp has two inputs that are opposite in phase (inverting input and the non-
inverting input) any signal that is common to both inputs will be cancelled. A measure of the ability
to cancel out common signals is called CMRR and it is given by

Aq

CMRR (dB) = 201log;, T

(1.3.11)

1.3.6.8 Open-Loop Bandwidth

Ay

A
0.707Ayp b

1 1 = Frequency
. ? {log scale)
.I"r _||I|

l 8 I

Figure 1.3.20: Op-amp open-loop bandwidth.

The op-amp’s high frequency response is limited by internal circuitry. The plot shown is for an
open loop gain (Ao, or Ayp).

This means that the op-amp is operating at the highest possible gain with no feedback resistor.
In the open loop, the op-amp has a narrow bandwidth.

Gain-bandwidth product is constant. So, the bandwidth will widen in closed loop operation,
but then the gain will be lower.
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1.3.6.9 Op-Amp Performance

The specification sheets will also include graphs that indicate the performance of the op-amp over a
wide range of conditions.

z
m 110 = 100
i =
=~ 105 = 80 -
= =
& 1007 E ek
o 95+ Z
0 = ..
g 90 g 40
—o' 3]
> 85+ 5 20
L1 1 2 o ! !
4 8 12 16 A 10 15 20
Supply voltage (+V ) Supply voltage (+V¢)
oM .
< S 600 -
S IMf g 500
é & 300
S 100 k- 5 200
5 £ 100
10k T ©) I I 1
100 1k 10k 100k 1M 100 1k 10k 100k IM
Frequency (Hz) Frequency (Hz)

Figure 1.3.21: Some op-amp performance graphs.

The table in Figure 1.3.22 below shows some characteristics of a 741 opamp.

TABLE 13.2 uA741 Electrical Characteristics: Voo = =15V, T, = 25°C

Characteristic MIN TYP MAX Unit
Vio Input offset voltage 1 6 mV
I Input offset current 20 200 nA
Iy Input bias current 80 500 nA
Vicr Common-mode input voltage range 12 *13 A
Vom Maximum peak output voltage swing *12 +14 v
Ayp Large-signal differential voltage amplification 20 200 VimV
r; Input resistance 0.3 2 MQ
r, Output resistance 75 Q
C; Input capacitance 1.4 pF
CMRR Common-mode rejection ratio 70 90 dB
I~ Supply current 1.7 2.8 mA
Py Total power dissipation 50 85 mwW

Figure 1.3.22: Some characteristics of a 741 opamp.

Note that, these ratings are for specific circuit conditions, and they often include minimum, max-
imum and typical values.
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1.3.7 Effects of Offset Voltage and Bias Currents

|f Rf
< ANV
R, lgq
Wy > N
- Vio —o Ve
~ 1+
IE|2
R;

Figure 1.3.23: Effects of offset voltages and bias currents.

Let us write down the two KVL equations (implicitly using KCL) available in Figure 1.3.23 above in

order to express output v, in terms of the input offset voltage, Vo, and input bias currents, I, and
Ip, when there is no input present, i.e., v;; = v;, = 0.

([Bl —[f)Rl —[fRf+U0 =0 (1312)

(Ip, = If) Ry + Vio — Ip, [ty = 0 (1.3.13)

Thus, we obtain output v, by eliminating /¢ in the KVL equations above as:

R R
vo=(14+=L) Vio+ Rlp, — 1+ 2L ) Ryl (1.3.14)
R1 Rl

You can also obtain the result in Figure 1.3.14 above by applying the superposition theorem.

Note that, the value of Ry does not affect the gain equations. However, we can select a value of for
Ry in order to eliminate the effects of the offset voltage and bias currents. Hence, from the output
equation (1.3.14), the value of Ry which makes the output zero, i.e., v, = 0, is found to be:

I
:g+mmmﬁ. (1.3.15)

R
2 Tn,

2

Note that, as a rule of thumb we can always select Ry = Ry||R;. Then, the output equation
(1.3.14) reduces to

Vo = (1 -+ %) Vio + Rf[]o. (1316)

1

So, the output will be zero if both the input offset voltage and current are zero, i.e., v, = 0 if V;o =0
and I;o = 0.

Example 1.11:  Change the circuit below, in order to eliminate the effect of input offset
voltage and current, i.e., make v, = 0, where V;o =0V and Ip, = Ip, = 100nA.
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F
37

300k
R,
+ mﬂ i;" —0 V,
>—1+
Is2

Figure 1.3.24: Opamp Offset Elimination Problem for Example 1.11.

Solution: Let us first show that v, # 0 when there is no resistor the non-inverting terminal, i.e.,
when Ry =0, as v, = RyIp, = (0.3M)(0.1x) = 30mV. Thus, the value of Ry which eliminates

the offset is Ry = Ry||Ry = 100k||300k = 75k.

If Rf
<—ANN
300k
R,
NN >—-
= 100kQ e Lo v,
> +
lg:2
R:< 75k0

Figure 1.3.25: Opamp Offset Elimination Solution for Example 1.11.

Example 1.12: Change the circuit below, in order to eliminate the effect of input offset
voltage and current, i.e., make v, = 0, where V;o =0V, Ig, = 100nA and Iz, = 80nA.

Ry
<\
300kQ
+

R4
ANN >
= 100k e oV,
Ig2

Figure 1.3.26: Opamp Offset Elimination Problem for Example 1.12.
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Solution: Let us first show that v, # 0 when Ry = 75k, as v, = Rslj0 = (0.3M)(0.02p) =

6 mV. Thus, the value of Ry which eliminates the offset is Ry = (Rl”Rf)% = 75k(100n/80n) =
93.75kS2.

Ry
S ATAY,
300k
+

R,
L e L ov,
Rz§ 93.75kQ

Figure 1.3.27: Opamp Offset Elimination Solution for Example 1.12.

Example 1.13: Change the circuit below, in order to eliminate the effect of input offset

voltage and current, i.e., make v, = 0, where V;o = 2mV, Iz, = 100nA and I,

= &0 nA.
I Ry
300k
Ry
AVAVAY =
= 100kQ  '®1 v, o v,
—+
IB2

Figure 1.3.28: Opamp Offset Elimination Problem for Example 1.13.

R
Solution: Let us first show that v, # 0 when Ry = 75k, as v, = (1 + Ff) Vio+ Rylio =
1
(1+0.3M/0.1M)(2m) + (0.3M)(0.02x) = 14mV. Thus, the value of Ry which eliminates the

offset is Ry = 12 + (Rl||Rf)% = 25k + 93.75k = 118.75 k(.
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I R

300k
Ry
AVAVAY "
=  100kQ B1 Vo —0 V,
—+
IBz
Rz§ 118.75kQ2

Figure 1.3.29: Opamp Offset Elimination Solution for Example 1.13.

Ry R
f
VW A,
Vi O '\i}\, - Ry
—0 V, l W“U - L oy
h T vio—AAM—I ’
Rz
2
4 (b)

(a)

Figure 1.3.30: Opamp amplifier with Ry resistor: (a) inverting (b) noninverting.

Figure 1.3.30a and Figure 1.3.30b above show inverting and noninverting amplifiers both with
an offset compensation R, resistors, respectively.

As a rule of thumb, always use an R, resistor in your opamp circuit, at least with a value of

RQ - RlHRf

1.3.8 Multistage Gains

L1

IR e _

— 2 LS

]_
v, f\’
-

Figure 1.3.31: Multistage opamp amplifiers.
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As a voltage-gain amplifier, the input resistance of op-amp amplifiers are high and the output resis-
tances are small. So, when cascaded we can ignore the loading effects and multiply the gains of each
stage in order to find overall gain, i.e.,

=2 = Ay, Ay A, (1.3.17)
v;
R; R,
=(A, —2 A, ——B VA 1.3.1
( " Riz +R01) ( " Ris +R02> " ( ) 8)
= A, X Ay, X Ay, (1.3.19)
Ry Ry Ry
B L A I UL AR N 1.3.2
(+Rl><32>(R3) (1.3.20)

1.3.9 Active Filters

Adding capacitors to op-amp circuits provides an external control for the cutoff frequencies. The
op-amp active filter provides controllable cutoff frequencies and controllable gain
e Lowpass Filter

e Highpass Filter

e Bandpass Filter

1.3.9.1 Lowpass Filter

e First-order lowpass filter

Re

[ A A

VIV,
Vi

Op-amp
Ry
r’\I\NT + l
" . y - [
v 0\ I(I v Ton
(2

aj

—20 dB/decade
e Output (V)

(b)

Figure 1.3.32: First-order lowpass filter (a) Circuit (b) Bode magnitude plot
e The upper (or higher) cutoff frequency fop is

1
27TR1 Ol

for =

(1.3.21)
87



e Low frequency gain A, is

A, =1+ =L (1.3.22)

e Second-order lowpass filter

V,/v,

il

Ry
AN

A, =20 dB/decade

4

Op-amp ————4——— Output (V,) ~40 dB/decade

Re
ATA \\
R:
v, —IVW——N\A,—I: +
s
=, I

.ﬂ:l:li

1\l

(a) (b)

Figure 1.3.33: Second-order lowpass filter (a) Circuit (b) Bode magnitude plot

e By adding more RC networks the roll-off can be made steeper. Each RC network adds and
additional 20 dB/decade (or 6 dB/octave) slope.

1.3.9.2 Highpass Filter

e First-order highpass filter

'?U R.I"

T'vv\. , AN
VIV,

- =20 dB/decade

e ¥

v, It + fo

(b}

Figure 1.3.34: First-order highpass filter (a) Circuit (b) Bode magnitude plot

e The lower cutoff frequency for is

1
27TPL1 Cl

for = (1.3.23)
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e High frequency gain A, is

R
A, =14+ =5
Rg
1.3.9.3 Bandpass Filter
Rg Rp
R Ry FM/\« L AN
= Op-amp ——V,
Ry
Op-amp AAA, . i
G
vi— + QJ.
Ry I

High-pass section Low-pass section

(a)

(1.3.24)

A (mid)

20 dB/decade

20 dB/decade

fOL fOH

(b)

Figure 1.3.35: First-order bandpass filter (a) Circuit (b) Bode magnitude plot

e There are two cutoff frequencies: upper and lower. They can be calculated using the same
low-pass cutoff and high-pass cutoff frequency formulas given in the previous sections.
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1.4 Power Amplifiers

So far we have dealt with only small-signal amplifiers. In small-signal amplifiers the main factors were
e amplification
e linearity
e gain

Large-signal or power amplifiers function primarily to provide sufficient power to drive the
output device. These amplifier circuits will handle large voltage signals and high current levels. The
main factors are

e efficiency
e maximum power capability

e impedance matching to the output device

1.4.1 Power Amplifier Types

Main classes of power amplifiers are given below

1. Class A
Class B
Class AB
Class C
Class D

AN

1.4.1.1 Class A Operation
The output of a Class A amplifier conducts for the full 360° of the cycle as shown below.

V

o
A

Power supply
level

Full 360° output swing

Class A
dc bias
level

ov —>

Figure 1.4.1: Class A amplifier output (full-cycle operation)
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The @Q-point (bias level) must be biased towards the middle of the load line so that the AC signal
can swing a full cycle. Remember that the DC load line indicates the maximum and minimum limits
set by the DC power supply.

The efficiency is low, because the transistor is always on, even when there is no AC input.

1.4.1.2 Class B Operation

A Class B amplifier output only conducts for 180° or half-cycle of the input signal as shown below.

v,
1
1807 putput
Clazs B ,/"" T
dc bias
level
(IR A - |

Figure 1.4.2: A Class B amplifier output (half-cycle operation)

The Q-point (bias level) is at cut-off (i.e., current is zero) on the load line, so that the AC signal
can only swing for one half of a cycle.

The efficiency is high, because the transistor is off, when there is no AC input. However, we will
need two transistor in order to produce a full cycle-output.
1.4.1.3 Class AB Operation
A Class AB amplifier output conducts between 180° and 360° of the AC input signal.

This amplifier is in between the Class A and Class B. The @Q-point (bias level) is above the Class
B but below the Class A.
1.4.1.4 Class C Operation
The output of the Class C conducts for less than 180° of the AC cycle and will operate only with a
tuned (resonant) circuit. The Q-point (bias level) is at cutoff, the output signal is very small.
1.4.1.5 Class D Operation

The Class D output is more like pulse signals which are on for a short interval and off for a longer
interval. It does not resemble the AC sine wave input, however it is possible to obtain full sine wave
output using digital signal processing techniques.
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1.4.1.6 Amplifier Efficiency

Efficiency refers to the ratio of output to input power. The lower the amount of conduction of the
amplifier the higher the efficiency, so the efficiency improves (gets higher) going from Class A to Class
D.

TABLE 15.1 Comparison of Amplifier Classes

Class
A AB B C D
Operating cvele Ial® | B0F o 3607 1807 Less than 130° Pulse operation
Power efficiency 25% 1o 505 Between 25% T8.5% Typically over 905

(5046 and 78.53%

Class C is wsmally not used for delivering large amounts of power, thus the efficiency is mot given here.

Figure 1.4.3: Comparison of amplifier classes

Efficiency 7 is defined as the ratio of the power output to the power input, i.e.,

P
n% = ?LC x 100 (1.4.1)

where Py, is the power output and Py is the power input.

1.4.1.7 Power Input

The power into the amplifier is from the DC supply. With no input signal, the DC current drawn is
the collector bias current, Icg.
Thus, power input Pg¢ is defined as the power drawn from the power supply

PCC = VcchQ (142)

1.4.1.8 Power Output

Pr = Uo(rms)io(rms) (143)

Uopea,k Zopeak
2
2
(%
Opeak
_ Zopeat (1.4.4)
2Ry,
2
Opeak—peak

S8Ry,
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1.4.1.9 Transistor Power Dissipation
Power dissipated as heat across a transistor is given as

1
Fo = No (Poc — Pr) (1.4.5)

where N is the number of transistors used in the power amplifier configuration.
NOTE: The larger the output signal, the lower the heat dissipation.
1.4.1.10 Figure of Merit

Figure of Merit (FoM) is a quantity used to characterize the cost performance of the power amplifier in
terms of the ratio of the maximum power dissipated by a transistor and the maximum power delivered
to the load, i.e.,

FoM = —mar (1.4.6)

NOTE: The lower the FoM, the better the cost performance. Because the higher the maximum
power rating of a transistor, the higher the price.

1.4.2 Series-Fed Class A Amplifier

This is similar to the small-signal amplifier except that it will handle higher voltages. The Q-point
(bias level) is biased in the middle of the load line for maximum efficiency.

Vee

Power
transistor

v,

—
4Y
+

Figure 1.4.4: Series-fed Class A large-signal amplifier

The transistor used is a high power transistor. The current gain [ of a power transistor is generally
less than 100. Power transistors are capable of handling large power or current while not providing
much voltage gain.
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1.4.2.1 AC-DC Load Lines

As overall resistances of DC and AC output-loops are equal to each other, i.e., Rpc = Rs. = Rc, AC
load line is equal to the DC load line (Vog = Voo — IoRe)as shown in Figure 1.4.5 below.

Output >

current swing <
-

Figure 1.4.5: AC-DC load-line for the series-fed Class A amplifier in Figure 1.4.4

™. Output
voltage swing

For maximum undistorted output swing, we need to set the Q)-point at the middle of the AC load
line, i.e.,

Voo
Verg = 5
and

T — Veo

“© 7 2Ry

Thus, peak value of the maximum output voltage swing is given by
Voo
Vo(maz)pear — Vce(maz)pear — T . (147)

Then, we can choose a value for Rp in order to obtain the desired -point values, i.e.,

R Vee = Veroony Voo — Veron) (1.4.8)
5= = A.
Ipq Ieq/B

NOTE: Once the value of Ry is given, it means that the Q)-point is already set. Then, we have to
make (or adjust) our calculations according to the given Q-point. For example, according to a given
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Q-point maximum undistorted output voltage swing will be the minimum of Vegg and Voo — Verg,
ie.,

= min (VCEQ, VCC’ — VC’EQ) (149)

Uce(max)pmk Q-point

1.4.2.2 Power Input

Poo = Vecleg
1.4.2.3 Power Output

2

(%
Py — Cpeak 1.4.10
"7 2Rc (1-410)

2

o Opeak—peak

S8R¢

1.4.2.4 Efficiency

P
% = —— x 100
7 Pec

v,/ (2Re)

x 100 1.4.11
Veolog ( )
1.4.2.5 Transistor Power Dissipation

Power dissipated as heat across a transistor is given as

Po=FPoc—PL
2

UO ea
—Vooloo — 2;%_; (1.4.12)

1.4.2.6 Maximum Efficiency

Maximum efficiency 74, is achieved at the maximum output power Pp(maz), 1.€., at the maximum
output SWing Vo(maz)yeer = % Thus,

2 2
Uo(maa:)peak (VCC/Q) o VC%C

PL(maz) = = = 1.4.13
L{maz) 2Re 2Rc 8Re ( )
Similarly, the input power at the maximum undistorted swing is given as
— Veo\ _ Vée
PCC’PL(maI) o VCC ]CQ|U0(maz) o VCC (m) - E (]‘414)
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Thus, maximum efficiency 7,4, is given as

P max
MmaeTo = ——49 5100 (1.4.15)
PCC|PL(mu.z)
Vée/(8Re)
= ~Col 20 00 1.4.16
V2ol @Rc) (1.416)
1
= < 100 (1.4.17)
= 25%. (1.4.18)

1.4.2.7 Figure of Merit

As transistor power dissipation is given by (1.4.12), maximum transistor power is dissipated when
there is no AC input and output, i.e., P, =0

V2
Ponas) = Feclp, ., = 0= Feclp, ., = 55 (1.4.19)
Thus, figure of merit (FoM) is given as

P max
FoM = —2tmer) (1.4.20)

PL(ma:p)
_ Yoe/(2Rc) (1.4.21)

Vée/(8Re)

_ 4 (1.4.22)

This FoM value shows that a series-fed Class A amplifier is not a good choice as a power amplifier.
Because, if we want to deliver 10 W to the load, we need to select a 40 W-transistor.
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1.4.3 Transformer-Coupled Class A Amplifier

+Vee

Nl: N2

Figure 1.4.6: Transformer-coupled Class A power amplifier
This circuit uses a transformer to couple to the load. This improves the efficiency of the Class A to
50%.
1.4.3.1 AC-DC Load Lines
DC Load-Line

In DC operation, transformer action is not present we only have the DC resistance of the primary
winding which is taken as zero. So, the overall DC resistance of the output-loop, Rp¢ is also zero,
ie.,

Rpe=0. (1.4.23)

Thus, the DC load-line equation is given by

Ver = Voo (1.4.24)

AC Load-Line

In AC operation, transformer action is present as shown in Figure 1.4.7 below. Transformers
transform voltage, current and impedance.
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a:%,‘/l:avg,lgzafland

1"'I ""2 RL

Figure 1.4.7: Transformer operation

So, overall AC resistance of the output-loop, R,. is equal to the equivalent primary-side load R/,
ie.,
Rac = R/L (1425)
where
" =a’Ry, (1.4.26)

and a is the turns ratio of the transformer, i.e., a = % Thus, AC load-line equation is then given

by

-1 VC’EQ
= —UcE + ICQ +
R Ry

ic (1.4.27)

Finally, we can plot the AC-DC load-lines together as shown in below.

Ai-(A)
0.5 ac load line dc load line
SRS R |
045 \ | 12 mA
3 r
041 |\ | 10 mA
Al i
0.35 N
Collector . 8 mA 0 : ’
current signal 03 N\, perating point
N 6 mA
0.25 =
Ie Y
e 0.2 N 4 mA
Ny
0.15 N A
0.1 | [
| | Iy =0mA
0.05 ' .
L ! RN
0 5 10 15 | 20 25 Veg (V)
4V : '
Vegg=Vee =12V
: | Collector voltage
variation

Figure 1.4.8: AC-DC load-line of the transformer-coupled Class A amplifier in Figure 1.4.6
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For maximum undistorted output swing, we need to set the ()-point at the middle of the AC load
line, to satisfy

Vo(maz)peare — Vee(maz)pear — VCEQ = VC’C (1428)
with
[ Vorq _ Voo
“R R

Then, we can choose a value for R in order to obtain the desired @-point values, i.e.,

Voo — V Voo — V)
Ry = ¢~ Vaeon _ Yoo — VBN (1.4.29)

Ipq Icq/B

NOTE: Once the value of Rp is given, it means that the ()-point is already set. Then, we have to
make (or adjust) our calculations according to the given Q-point. For example, according to a given
()-point maximum undistorted output voltage swing will be the minimum of Viopg and IR, ie.,

= min (Vcc, ICQR/L) (1430)

Uce(maz)peak Q-point

1.4.3.2 Power Input

Poc = Veclecg
1.4.3.3 Power Output

p _ Jovear 1.4.31
T ( )

1.4.3.4 Efficiency

Py
% = —— x 100
1 Pce

v? 2R
_ Yo/ R (1.4.32)

Veclcg

1.4.3.5 Transistor Power Dissipation

Power dissipated as heat across a transistor is given as

PQ:PCC—PL
2

UO ea
= Veeleo — 2}’%/’“ (1.4.33)
L
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1.4.3.6 Maximum Efficiency

Maximum efficiency 7,q, is achieved at the maximum output power Pp(nas), i.e., at the maximum

output SwWing vo(maz),.., = Vec. Thus,
v? V2
o(maz)peak cc
PL(max) = - = (1434)
2R} 2R,
Similarly, the input power at the maximum undistorted swing is given as
Vee\ _ Véce
PCC|PL(7"“-T) - VCC [CQ‘UO(maE) - VCC < RIL > N RIL (1435)
Thus, maximum efficiency 7,4, s given as
P max
nmax% = L ) x 100
PCC‘PL('ma:E)
V2] (2R,
_ Yee/CRL) g, (1.4.36)
Vée/ Ry,
1
=3 x 100 (1.4.37)
= 50%. (1.4.38)

1.4.3.7 Figure of Merit

As transistor power dissipation is given by (1.4.33), maximum transistor power is dissipated when
there is no AC input and output, i.e., P, =0

V2
Po(mas) = Feclp,,,, —0= Feclp,,,,, = ﬁf (1.4.39)
Thus, figure of merit (FoM) is given as

P max
FoM = —&(mat) (1.4.40)

PL(max)

Vée/ Ry
= SCo L (1.4.41)
Vée/(2R1)

=2 (1.4.42)

This FoM value is not also very good. Because, if we want to deliver 10 W to the load, we need to
select a 20 W-transistor.

1.4.4 Class B Amplifiers

In Class B the DC bias leaves the transistor biased just off (i.e., at cut-off). The AC signal turns the
transistor on. This is essentially no bias. The transistor only conducts when it is turned on by half
of the AC cycle.
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In order to get a full AC cycle out of a Class B amplifier, you need two transistors.

In a transformer-coupled push-pull arrangement, two npn-transistors are one works on the positive
half of the input signal and the other works on the inverted negative half of the input signal. In a
complementary-symmetry push-pull arrangement, one is an npn-transistor that provides the positive
half of the AC cycle and the other is a pnp transistor that provides the negative half.

One-half

circuit |

i \/ — Load

- One-half !

circuit

Figure 1.4.9: Class B amplifier push-pull operation block diagram

1.4.4.1 Phase Splitter Circuits

If the input is in the form of two opposite polarity signals, two similar stages could be used, each
operating on the alternate cycle because of the input signal. Figure 1.4.10 shows a center-tapped
transformer to provide opposite phase signals. If the transformer is exactly center-tapped, the two
signals are exactly opposite in phase and of the same magnitude. The circuit of Figure 1.4.10 uses a
BJT stage with in-phase output from the emitter and opposite phase output from the collector. If the
gain is made nearly 1 for each output, the same magnitude results. Probably most common would be
using op-amp stages similar to Figure 1.4.11, one to provide an inverting gain of unity and the other
a non-inverting gain of unity, to provide two outputs of the same magnitude but of opposite phase.

N
\/
A ‘ 1

A
Y]

Figure 1.4.10: Phase splitter circuit with a center-tapped transformer
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Figure 1.4.11: Phase splitter circuit with a BJT transistor
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Figure 1.4.12: Phase splitter circuit with op-amp(s)

1.4.4.2 Transformer-Coupled Push-Pull Class B Amplifier

l\ 0,

R
? . ,,
[ — [ -
Phase-splitting Push-pull circuit Push-pull output Load
transformer

input transformer connection

Figure 1.4.13: Transformer-coupled push-pull Class B power amplifier

The center-tapped transformer on the input produces opposite polarity signals to the two transistor

inputs.
The center-tapped transformer on the output combines the two halves of the AC waveform

together.
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Push-Pull Operation
e During the positive half of the AC input cycle:

— Transistor ()7 is conducting and () is off.
e During the negative half of the AC input cycle:

— Transistor ()5 is conducting and ), is off.

Each transistor produces half of an AC cycle. The output transformer combines the two outputs
to form a full AC cycle.

1.4.4.3 Complementary-Symmetry Push-Pull Class B Amplifier

Figure 1.4.14: Complementary-symmetry push-pull Class B power amplifier

Using complementary transistors (npn and pnp), it is possible to obtain a full cycle output across a
load using half-cycles of operation from each transistor, as shown in Figure 1.4.14. While a single input
signal is applied to the base of both transistors, the transistors, being of opposite type, will conduct
on opposite half-cycles of the input. The npn-transistor will be biased into conduction by the positive
half-cycle of signal, with a resulting half-cycle of signal across the load as shown in Figure 1.4.15.
During the negative half-cycle of signal, the pnp transistor is biased into conduction when the input
goes negative, as shown in Figure 1.4.16. During a complete cycle of the input, a complete cycle of
output signal is developed across the load. One big advantage of this configuration is avoiding the
need for a transformer.

Biased on by

input signal \

Lt

Biased off by /
input signal

— Vee A URL

Figure 1.4.15: Operation on the positive half-cycle of the input
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Biased off by
input signal ~__

Sy

Biased on by
input signal

Figure 1.4.16: Operation on the negative half-cycle of the input

1.4.4.4 Power Input

The power supplied to the load by an amplifier is drawn from the power supply (or power supplies)
that provides the input or dc power. The amount of this input power can be calculated using

Pec = Veclce

where ¢ is the average or DC current drawn from the power supplies. In Class B operation, the
current drawn from a single power supply has the form of a full-wave rectified signal, while that drawn
from two power supplies has the form of a half-wave rectified signal from each supply. In either case,
the value of the average current drawn can be expressed as

[ 2 . 2 Uopeak
CC = “lopeur, — — 15
T ot Rp

where i, ., and v, ., are the peak values of the output current and voltage waveforms, respectively.
Thus, the power input equation becomes

(1.4.43)

P == 1.4.44
oo =~ (1444
1.4.4.5 Power Output
P, ngmk 1.4.45
T (1.4.45)
1.4.4.6 Efficiency
P
% = —— x 100
7 Pce
v /(2Rp)
= Opeak x 100 1.4.46
/) (Vo o, /) (1.4.46)
= T loear o 40 (1.4.47)
4 Voo
Vo
— peak o 78.54 (1.4.48)
Vee
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1.4.4.7 Transistor Power Dissipation

Power dissipated as heat across a transistor in a Class B push-pull configuration is given as

1
Po =5 (Pec — Py) (1.4.49)
=—| - P 2= 1.4.50
2 <7T RL 2RL ( )

2
_ l VCC Uapeak . Uopeak (]_ 4 5]—)
T  Rp 4Ry, a

1.4.4.8 Maximum Efficiency

Maximum efficiency 7,q, is achieved at the maximum output power Pp(nay), i.e., at the maximum
output swing

Vo(maz)pear = VOO (1.4.52)

where each transistor provides half cycle of the output swing.
Thus, maximum efficiency 7,4, is given as

P max
DmanTo = ——2192) o 100
PCC‘PL(mam)
— T lolman)year o 1) .. from (1.4.47) (1.4.53)
_ mVee % 100 (1.4.54)
" 4 Vee h
- % x 100 (1.4.55)
— 78.54%. (1.4.56)

1.4.4.9 Figure of Merit

Let us find the value of v, ,,in (1.4.51) to give the maximum transistor power dissipation Py(mas) as
follows

dP,
y @ =0 (1.4.57)
Uopeak PQ(’HL(LJL')
Voo Vopear
— - 2= =0 1.4.58
T 2 ( )
2
UOpeak PQ(maz) - ;VCC' (1-4.59)

Substituting (1.4.59) in (1.4.51) we obtain F,,,. as follows

1 Vi

— . 1.4.
=R, (1.4.60)

Pomaz) =
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Using (1.4.45) and (1.4.52), we obtain the maximum output power as

Vée
PL(max) = E

Thus, figure of merit (FoM) is given as

P max
FoM = —2(man) (1.4.61)
L(mazx)
= W (1.4.62)
Vée/(2Ry)
2
-2 (1.4.63)
1
&~ _, 1.4.64
! (L4610

This FoM value is quite good. Because, if we want to deliver 10 W to the load, we only need to
select two 2 W-transistors.

1.4.4.10 Crossover Distortion

One big disadvantage of the Class B amplifiers is the crossover distortion produced at the
output as shown in below.

L Uy

Crossover
/diﬁ.mni{:n

= I

Figure 1.4.17: Cross-over distortion at the Class B amplifier output

Crossover distortion refers to the fact that during the signal crossover from positive to negative
(or vice versa) there is some nonlinearity in the output signal. This results from the fact that
transistor turn-on voltage is not actually zero volts, i.e., Vggon) # 0 V. Input voltage v;(t) itself
turns the transistors ON and OFF. So, during the time when the magnitude of the input signal
is less than the turn-on voltage, i.e., |v;(t)| < Vggoon), both transistors are OFF producing
zero output and causing the crossover distortion.

Biasing the transistors just to the turn-on level Vprg = Vegon), will be the solution. However,
this DC biasing causes static power dissipation, even when there is no AC input. So, the amplifier
now becomes a Class AB amplifier.
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1.4.5 Class AB Amplifiers

| | Darlington
o V % pair
Input AV ERQ /\_/ i‘(] /\V Output
‘ VA

RL
(Load)

Feedback

Ay

Figure 1.4.18: Quasi-complementary push-pull Class AB power amplifier

Notice that transistors (1 and ()3 in Figure 1.4.18 form a Darlington connection that provides output
from a low-impedance emitter-follower. The connection of transistors ()2 and ()4 forms a feedback-
pair, which similarly provides a low-impedance drive to the load. Resistor Ry can be adjusted to
minimize crossover distortion by adjusting the DC bias condition. The single input signal applied to
the push-pull stage then results in a full cycle output to the load. The quasi-complementary push-pull
amplifier is presently the most popular form of power amplifier. The voltage across over R, is adjusted
to provide turn-on voltages for the Darlington and feedback pairs, i.e.,

Ry

Ve, o — 2
B = R+ Ry + Ry

Voo = 2VBE(ON) + VEB(ON) = 3VBE(ON)' (1.4.65)
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Note that in this configuration we need the capacitor C3 at the output, because the DC bias-level at

that point is not zero, i.e., Vg, = Vg, = w = VLQC

1, . .- . - J b, o " 5, -

Phase-splitling Push-pall circuit Push-pull ocuiput Laosad
input transformeer COnnECtion iransformer

Figure 1.4.19: Transformer-coupled push-pull Class AB power amplifier.

Configuration in Figure 1.4.19 uses R; and R, resistors to bias the two transistors, as shown below

Ry
LT VAR v . 1.4.66
Rt R, oc = Veron ( )
Wi
gRl
| K 2
o
4
V,—1 v,
R, R,
) %’ o
& N =
Ry
Ve

Figure 1.4.20: Complementary push-pull Class AB power amplifier
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Configuration in Figure 1.4.20 uses a diode (matched to the Q; tramsistor, ie., Vpon) =
Vs E(ON)) and an adjustable Rj3 resistor to bias the two transistors, as shown below

Ry

=  (Vec+ Veg — V] =V i 1.4.67
R+ Ry + 15 ( cc EE D(ON)) BE(ON) ( )

Vg,

As the diode is matched with one of the transistors, any changes on the turn-on voltage of this
transistor will be compensated by the change in the turn-on voltage of the diode, e.g., changes
due to temperature.

Vi

-

Figure 1.4.21: Another complementary push-pull Class AB power amplifier

Configuration in Figure 1.4.21 uses variable R resistor (or potentiometer) to bias the transistors.
Note that, ()3 transistor increases the turn-off speeds of the power transistors )1 and Q)».

1.4.6 Power Transistor Heat Sinking

The maximum power handled by a particular device and the temperature of the transistor junctions
are related since the power dissipated by the device causes an increase in temperature at the junction
of the device. Rated power dissipation is allowed only up to a maximum temperature. Above this
temperature, the device power dissipation capacity gets reduced (or derated), so that at higher case
temperatures the power-handling capacity is reduced, down to 0 W at the device maximum case
temperature. When the device is mounted on some form of heat sink, its power handling capacity
can approach the rated maximum value more closely. A few heat sinks are shown in Figure 1.4.22(a).
When the heat sink is used, the heat produced by the transistor dissipating power has a larger area
from which to radiate (transfer) the heat into the air, thereby holding the case temperature to a much
lower value than would result without the heat sink.

Figure 1.4.22(b) shows a typical power derating curve for a silicon transistor. The curve shows
that the manufacturer will specify an upper temperature point, after which a linear derating takes
place. For silicon, the maximum power that should be handled by the device does not reduce to 0 W
until the case temperature is 200 °C.
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maximum total
device dissipation (W)

P =

L1 N
0 25 50 75 100 125 150 175 200

Case temperature (°C)

(a) (b)

Figure 1.4.22: Heat-related figures: (a) heat sinks, (b) a typical power derating curve.

1.4.6.1 Thermal-to-Electrical Analogy

ﬂ Pp

ﬁ P / a Junction temp. (7)) \

: f E 7 Transistor Power
BJC dissipation

: \ } Case temp. (T¢)
| Insulator and contact »
+ t - BCS
Heat sink temp. (T5)
x
‘L, Heat sink T,
O54

Ambient temp. (T,)

B4 =0;c +6;5 +0g,

Absolute zero

Figure 1.4.23: Thermal-to-electrical analogy.

A picture of how the junction temperature (7;), case temperature (7¢), and ambient (air) temperature
(T4) are related by the device heat-handling capacity—a temperature coefficient usually called thermal
resistance—is presented in the thermal-electric analogy shown in Figure 1.4.23.

In providing a thermal-electrical analogy, the term thermal resistance is used to describe heat
effects by an electrical term. The terms in Figure 1.4.23 are defined as follows:

e ;¢ = transistor thermal resistance (junction to case)
e Ocs = insulator thermal resistance (case to heat sink)
e g4 = heat-sink thermal resistance (heat sink to ambient)

e 0y, = total thermal resistance (junction to ambient)
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Using the electrical analogy for thermal resistances, we can write:

04 =050+ 0cs + 0sa (1.4.68)

The analogy can also be used in applying Kirchhoff’s law to obtain:
Ty = Pplja+ Ty (1.4.69)

The last relation shows that the junction temperature floats on the ambient temperature and that
the higher the ambient temperature, the lower the allowed value of device power dissipation.

Example 1.14: A silicon power transistor is operated with a heat sink (0g4 = 1.5°C/W).
The transistor, rated at 150 W (25°C), has 0,0 = 0.5°C/W, and the mounting insulation has
Ocs = 0.6°C/W. What maximum power can be dissipated if the ambient temperature is 40°C
and T = 200°C?

Solution:
T;—T4 200 — 40

= = ~ 61.5W.
9J0+005+«95A 0.5+0.64+1.5

Pp
1.4.7 Class C Amplifiers

+ VCC

RFC

_VBB
Figure 1.4.24: Class C amplifier circuit.

A Class C amplifier, as that shown in Figure 1.4.24, is biased to operate for less than 180° of the input
signal cycle. The tuned circuit in the output, however, will provide a full cycle of output signal for
the fundamental or resonant frequency of the tuned circuit (L and C' tank circuit) of the output. This
type of operation is therefore limited to use at one fixed frequency, as occurs in a communications
circuit, for example.

Operation of a Class C circuit is not intended for large-signal or power amplifiers.

111



1.4.8 Class D Amplifiers

Converts digital
back to sinusoidal

Sawtooth
generator /

Low-pass v

Comparator — Amplifier —— filter U

Vr- _T_ -+

Feedback -

Figure 1.4.25: Block diagram of a Class D amplifier.

A Class D amplifier is designed to operate with digital or pulse-type signals in a configuration shown
in Figure 1.4.25. An efficiency of over 90% is achieved using this type of circuit, making it quite
desirable in power amplifiers. It is necessary, however, to convert any input signal into a pulse-type
waveform before using it to drive a large power load and to convert the signal back to a sinusoidal-type
signal to recover the original signal. Figure 1.4.26 shows how a sinusoidal signal may be converted
into a pulse-type signal using some form of sawtooth or chopping waveform to be applied with the
input into a comparator-type op-amp circuit so that a representative pulse-type signal is produced.

Figure 1.4.25 shows a block diagram of the unit needed to amplify the Class D signal and then
convert back to the sinusoidal-type signal using a low-pass filter. Since the amplifier’s transistor
devices used to provide the output are basically either off or on, they provide current only when they
are turned on. Since most of the power applied to the amplifier is transferred to the load, the efficiency
of the circuit is typically very high. Power MOSFET devices have been quite popular as the driver
devices for the Class D amplifier.

LV,

i

Sawtooth (chopping) waveform

0
[

Input waveform

/|

+5V Digital waveform

0 -
f

Figure 1.4.26: Chopping of sinusoidal waveform to produce digital waveform.
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Example 1.15: (2005-2006 MII) Consider the amplifier circuits given in the figures belowwhere

Vamon) = 0.7V.

For the circuit shown in Fig-A with v; = 1V sin(wt)

a) Draw v,,

b) Calculate the power P, dissipated over Ry,

c¢) Calculate the efficiency of the power amplifier consisting of transistors @)1 and Qs.

For the circuit shown in Fig-B with v; = 1 V sin(wt)

d) Draw v,,

e) Compare the two amplifier circuit designs given in Fig-A and Fig-B, and express which
design is more preferable. Briefly explain your answer.

HINT: Consider your answers to items “a)” and “d)

VWA
150kQ2

20

<

ey

—qqz

Vi

Fig-A

Figure 1.4.27: Power amplifier circuits for Example 1.15.

Solution: a) We can calculate the voltage gain A, as

b .20v

So, the output v, is given by

Vo

Ay=22 =14

(%)

”

VAA
150kQ2 020V
.?\“L~\h Q
10kQ2
*4 Qz
10 kQ
0-20V
Vi
Fig-B

150k
10k

= 16.

vy = Ayv; = 16 Vsin(wt).
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v, V4
16

-

=
a
-

167

Figure 1.4.28: Output for the circuit of Fig-A in Figure 1.4.27.

Ug(peak) . 162

b) P =k, ~2(8)

=16W

¢) As we know the output power let us calculate the total power Poo drawn from the voltage
supplies

Poc = Veclece
gvo(peak)
m RL
—20==

T 8
= 25.465W.

= Vee

Now, efficiency 7 is given by

P,
% = —— x 100
7 Pec
16
25.465

= 62.83%.

x 100

d) There is a cross-over distortion at the output due to the 0.7V turn-on voltage drop across the
base-emitter junctions of the transistors ()1 and ()2. So, the output v, of Fig-B will be plotted
as below
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v, V) &

13.3

-15.34

Figure 1.4.29: Output for the circuit of Fig-B in Figure 1.4.27.

e) In Fig-B, Class B power amplifier (in a complementary push-pull structure) is connected
after a pre-amplifier stage consisting of a non-inverting opamp amplifier. This complementary
push-pull Class B amplifier configuration acts like a voltage-buffer amplifier (i.e. like an emitter-
follower).

However the complementary (npn-pnp) BJT amplifiers turn-on when sufficient voltage difference(>
0.7V) exists between their base-emitter terminals (BE-EB). @; is ON at the positive-half cycle
when (Vp,Vg,) > 0.7V and similarly ()3 is ON at the negative-half cycle when (Vp,Vg,) <
—0.7V.

Due to this 0.7V turn-on voltage drop across the base-emitter junctions of the complementary
BJT transistors, we observe a cross-over distortion at the output of Fig-B as shown in the
answer of item “d)".

In Fig-A, negative feedback is connected to the output of the power amplifier eliminating the
cross-over distortion by enforcing the suitable biasing voltage at the transistor bases. So, the
configuration in Fig-A is more preferable to the configuration in Fig-B.
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1.5 Oscillators

How the feedback circuit provides operation as an oscillator is obtained by noting the denominator in
the basic negative feedback equation(1.1.20),
Aw)

Are) = B AGT (1.5.1)

When [(w)A(w) = —1 or magnitude 1 at a phase angle of 180°, the denominator becomes 0 and the
gain with feedback, A¢(w), becomes infinite. Thus, an infinitesimal signal (noise voltage) can provide
a measurable output voltage, and the circuit will be unstable and have oscillations. So, this criterion

Bw)A(w) = -1 (1.5.2)

is known as the Barkhausen criterion for oscillation.
If we have the negative feedback loop-gain SA to be —1 only at a single frequency, i.e.,

Bwo)Alwo) = —1, (1.5.3)

then we will have oscillations only at w = wy.Thus, this circuit will act as an oscillator even without
an input signal (noise in the circuit acts as an input signal), will be called an oscillator circuit where
it produces a signal only at the frequency of w = wy.

To understand how a feedback circuit performs as an oscillator, consider the positive feedback
circuit Figure 1.5.1 below.

>

+
-+

+
B Vs =B(AV))

-
>
=
Il
>
~

Figure 1.5.1: Positive feedback circuit used as an oscillator.

When the switch at the amplifier input is open, no oscillation occurs. Consider that we have a
fictitious voltage at the amplifier input, v;. This results in an output voltage v, = Av; after the
amplifier stage and in a voltage vy = BAv; after the feedback stage. Thus, we have a feedback voltage
vy = BAv;, where BA is referred to as the loop-gain. If the circuits of the base amplifier and feedback
network provide SA of a correct magnitude and phase, vy can be made equal to v;. Then, when the
switch is closed and fictitious voltage v; is removed, the circuit will continue operating since the
feedback voltage is sufficient to drive the amplifier and feedback circuits resulting in a proper input
voltage to sustain the loop operation. The output waveform will still exist after the switch is closed
if the condition SA = 1 is met.

In reality, no input signal is needed to start the oscillator going. Only the condition fA = 1
must be satisfied for self-sustained oscillations to result. In practice, SA is made greater than 1 and
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the system is started oscillating by amplifying noise voltage, which is always present. Saturation
factors in the practical circuit provide an average value of SA = 1. The resulting waveforms are never
exactly sinusoidal. However, the closer the value SA is to exactly 1, the more nearly sinusoidal is the
waveform.

Figure 1.5.2 below shows how the noise signal results in a buildup of a steady-state oscillation

condition.

Initial noise
voltage

Steady-state envelope
limited by circuit saturation

Nonsinusoidal oscillations

because BA is not exactly 1 Nonsinusoidal waveform

due to saturation

Figure 1.5.2: Build-up of steady-state oscillations.

1.5.1 Types of Oscillator Circuits
Main classes of oscillator circuits are given below
1. Phase-Shift Oscillator
2. Wien-Bridge Oscillator
3. Tuned Oscillator Circuits
4. Crystal Oscillator

5. Unijunction Oscillator
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1.5.2 Phase-Shift Oscillator

b

IL [ Il
1} \ "
C c (&

R % R R
<

Feedback network

Figure 1.5.3: Idealized phase-shift oscillator.
e In this configuration (where A is negative), feedback gain is given by

B(w) !

- 1 —5a2 —j(6a — a3)
where v = 1/(wRC'). The oscillation occurs at a frequency wy where Z3(wg) = 180°.

(1.5.4)
Thus, the oscillation frequency f, which cancels the imaginary part is given by

fo !

B 21 RC\/6

e As « = \/6, feedback gain at the oscillation frequency is given by
wo g g

1
- 1.5.6
B(wo) 29 ( )
The amplifier must supply enough gain to compensate for losses. The overall gain must be unity.
Thus, the absolute gain of the amplifier stage must be greater than |1/5(wo)], i.e.,
|A| > 29.

the frequency of oscillation.

(1.5.7)
e The RC networks provide the necessary phase shift for a positive feedback. They also determine
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1.5.2.1 FET Phase-Shift Oscillator

Y
%
3
o

Figure 1.5.4: FET phase-shift oscillator.

Example 1.16: It is desired to design phase-shift oscillator(as in Figure 1.5.4) using an FET
having ¢,, = 5mS, rqs = 40k, and feedback circuit resistor value of R = 10k{). Select the
value of C' for oscillator operation at 1kHz and Rp for A > 29 to ensure oscillator operation.

Solution: Since f; = m, we can solve for C' as follows
o 1 B 1
2n foRV6  2m(1k)(10k)V/6
= 6.5nkF.

Next, we solve for R}, where R}, = ry||Rp to provide a gain of A = 40 (this allows for some
loading between R, and the feedback network input impedance):

‘A|:gm ,D:40

Al 40
Ry = |— = ——— =8kQ.
b g, 5x1073
Finally, we solve for Rp to be
TdsR/D
Rp=——"—"—F— =10kQ.
b Tds — R/D
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1.5.2.2 BJT Phase-Shift Oscillator

Rg TCE
-
1 1

f =
2%RC N6 +4(R_/R)

| K C c cl_
%R %R

Figure 1.5.5: BJT phase-shift oscillator.

In Figure 1.5.5 above:
R'= R — R; = R — Ry||Ral|hic

For the loop-gain to be greater than unity, the requirement on the current gain of the transistor
is found to be

R Rc
hro>23+29— +4-¢ 1.5.8
! + o +d— (1.5.8)

1.5.2.3 Opamp Phase-Shift Oscillator

Ry
+Vee
AMA—— B
R, T
ITi I
Op-amp 1) )

9}
9

Figure 1.5.6: Op-amp phase-shift oscillator.
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In Figure 1.5.6 above, in order to sustain oscillation, i.e., S(wo)A(wy) > 1 we need to have

Ry
— > 29 1.5.9
Ry — ( )

1.5.3 Wien-Bridge Oscillator

Output
sinusoidal
signal

foz ——
wm~NR,C\R,C,

Figure 1.5.7: Wien-bridge oscillator circuit using op-amp amplifier.

Let us first define Z; = Ry 4+ Z¢, and Zy = Ry||Zc,.

e Then, the positive feedback loop-gain is given as

Zg R3 1 R3
A = 1+4+=)=— |1+ = 1.5.10
B(w)Aw) Zl%( +R4) 1+zl/22( +R4) (1.5.10)
B(w) Aw)

In order to have the loop-gain to be 1, the Z;/Z, needs to have zero phase, i.e., imaginary part
needs to be zero. Thus, the oscillation frequency f; is found to be

1
N 271'\/ RlclRQCQ

fo (1.5.11)

e Hence, the positive feedback loop-gain at the oscillation frequency f, becomes

Blwo) Alwo) = ——— ) (1 i g—) (15.12)

In order to sustain the oscillation, i.e., 5(wo)A(wy) > 1,

R3 R1 CQ
— > —+ = 1.5.13
R4 - RQ + 01 ( )
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e Thus, when R = Ry = R and C; = Cy = C, then

1
fo= 577 (1.5.14)
Rs

— > 2 1.5.15
e (15.15)

B {-\.I J'H-IEII

31 k2 0.001 uF ¥ T

Op-amp —y Crutput
|
Ry Cy o= U pF —= ]
L
Ry
- AN

MM kL
R;i'llﬂl ki)

Figure 1.5.8: Wien-bridge oscillator circuit for Example 1.16.

Example 1.17:  Calculate the resonant frequency of the Wien bridge oscillator shown in
Figure 1.5.8 above.

Solution: Oscillation frequency is given by

1 1

Jo= 5 = 27 (51k)(1n)

= 3120.7 Hz.

Example 1.18: Design the RC' elements of a Wien bridge oscillatoras in Figure 1.5.7 for
operation at fo = 10kHz.

Solution: Using equal values of R and C, we can select R = 100k{2 and calculate the required

value of C' as
1 1

" 2rfoR 2m(10k)(100k)

C = 159 pF.

We can use R3 = 300kQ2 and Ry = 100kS2 to provide a ratio R3/ R, greater than 2 for oscillation
to take place.
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1.5.4 Tuned Oscillator Circuits

—— Amplifier

Xy X3

X

Figure 1.5.9: Basic configuration of tuned (or resonant) circuit oscillator.

Reactance Element

Oscillator ]}’pe X_i XQ X_g
Colpitts oscillator C C L
Hartley oscillator L L C
Tuned input. tuned output LC LC —

Figure 1.5.10: Resonant element selection for a tuned oscillator
Tuned Oscillators use a parallel LC' resonant circuit (LC-tank) to provide the oscillations.

There are two common types:

o Colpitts: The resonant circuit is an inductor and two capacitors.

o Hartley: The resonant circuit is a tapped inductor or two inductors and one capacitor.

1.5.4.1 Colpitts Oscillator Circuits

FET Colpitts Oscillator
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Oscillator frequency

C1Cy

where C¢y =

BJT Colpitts Oscillator

]
1 -
Rg

It 1
11} 11}
C, = G

L

oo

C1+Cy

Figure 1.5.11: FET Colpitts Oscillator.

1

Jo= 2w/ LC¢q
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Cg

Rg T
=

Figure 1.5.12: BJT Colpitts Oscillator.

Opamp Colpitts Oscillator

A AAY
Ry =100 kQ

+VCC

R; =10kQ

Output

Figure 1.5.13: Op-amp Colpitts Oscillator.

1.5.4.2 Hartley Oscillator Circuits
FET Hartley Oscillator
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where L., = Ly + Lo + 2M with M denoting the mutual inductance.
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BJT Hartley Oscillator
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Figure 1.5.15: BJT Hartley Oscillator.
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1.5.5 Crystal Oscillator

A crystal oscillator is basically a tuned-circuit oscillator using a piezoelectric crystal as a resonant
tank circuit. The crystal (usually quartz) has a greater stability in holding constant at whatever
frequency the crystal is originally cut to operate. Crystal oscillators are used whenever great
stability is required, such as in communication transmitters and receivers.

A quartz crystal (one of a number of crystal types) exhibits the property that when mechanical
stress is applied across the faces of the crystal, a difference of potential develops across opposite
faces of the crystal. This property of a crystal is called the piezoelectric effect. Similarly, a
voltage applied across one set of faces of the crystal causes mechanical distortion in the crystal
shape.

When alternating voltage is applied to a crystal, mechanical vibrations are set up. These vi-
brations having a natural resonant frequency dependent on the crystal. Although the crystal
has electromechanical resonance, we can represent the crystal action by an equivalent electrical
resonant circuitas shown in Figure 1.5.16(a). The inductor L and capacitor C represent elec-
trical equivalents of crystal mass and compliance, while resistance R is an electrical equivalent
of the crystal structure’s internal friction. The shunt capacitance C; represents the capacitance
due to mechanical mounting of the crystal. Because the crystal losses, represented by R, are
small, the equivalent crystal Q-value (quality factor) is high (typically 20000). Values of @ up
to almost 10° can be achieved by using crystals.

The crystal has two resonant frequencies as shown in Figure 1.5.16(b):

o Series resonant: RLC determine the resonant frequency. The crystal has a low impedance.

o Parallel resonant: RL and C); determine the resonant frequency. The crystal has a high
impedance.

The series and parallel resonant frequencies are very close, within 1% of each other.
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Figure 1.5.16: Crystal operation: (a) electrical equivalent circuit, (b) crystal impedance versus fre-
quency.
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Figure 1.5.17: Crystal-controlled FET oscillator circuit using crystal in series-feedback path.

Series-Resonant Crystal Opamp Oscillator
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Figure 1.5.18: Crystal-controlled Opamp oscillator circuit using crystal in series-feedback path.

Parallel-Resonant Crystal BJT Oscillator
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Figure 1.5.19: Crystal-controlled BJT oscillator operating in parallel-resonant mode.
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1.5.6 Unijunction Oscillator

\

n

S
o

Figure 1.5.20: Basic unijunction oscillator circuit.

Unijunction transistor (UJT) can be used in a single-stage oscillator circuit to provide a pulse
signal suitable for digital-circuit applications.

The unijunction transistor can be used in what is called a relaxation oscillator as shown by the
basic circuit in Figure 1.5.20 above. Resistor Ry and capacitor Cp are the timing components
that set the circuit oscillating rate.

The oscillating frequency may be calculated as

B 1
B RrCrln <ﬁ)

Jo (1.5.18)

where 7 is the unijunction transistor intrinsic stand-off ratio.

Typically, a unijunction transistor has a stand-off ratio from 0.4 to 0.6, i.e., 0.4 <17 < 0.6. Using

a value of n = 0.5 gives us

1.5
~ 1.5.19
Jo RyCr ( )

Capacitor C7 is charged through resistor Ry toward supply voltage Vgp. As long as the capacitor
voltage Vg is below a stand-off voltage (Vp) given by

Ve =n(Ve, = Vi,) + Vi, + Vboon) = nVis + Vbon) (1.5.20)
the unijunction emitter lead appears as an open circuit. When the emitter voltage across ca-
pacitor Cr exceeds this value (Vp), the unijunction circuit fires, discharging the capacitor, after

which a new charge cycle begins.
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Figure 1.5.21: Unijunction oscillator waveforms.

When the unijunction fires, a voltage rise is developed across R; and a voltage drop is developed
across Ry as shown in Figure 1.5.21 above. The signal at the emitter is a sawtooth voltage
waveform that at B, is a positive-going pulse and at B, is a negative-going pulse.
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Figure 1.5.22: Some unijunction oscillator circuit configurations.

A few circuit variations of the unijunction oscillator are provided in Figure 1.5.22 above.

p-n junction B, 5,
o-———-i i, +
E |
|
\ | RBZ g .
Ohmic base I I v BB
contact ==V E_E b ’ |
f— BB —
Alumi d : O—”— + ~ Rpp = Rp + Rp,
uminum ro ! - -
I
I Ve
/ I y Ry, NV
n-type high resistivity — o——4 = Ip=0 E
silicon slad B _L l & = J 1 {

(a) (b)

Figure 1.5.23: Unijunction transistor(UJT): (a) basic construction, (b) equivalent circuit.

Basic construction and equivalent circuit representation of the UJT is given in Figure 1.5.23
above.
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Chapter 2

Digital Electronics

2.1 Properties of Digital Integrated Circuits

We are going to introduce the general properties and definitions common to all digital inte-
grated circuit families. These properties and definitions include voltage transfer charac-
teristic (output voltage vs. input voltage), Fan-in, Fan-out, power dissipation and
propagation delay.

Five basic logic operations, namely NOT, AND, OR, NAND and NOR, are used to investigate
the properties of digital circuits, because any complex logical operation can be implemented by
these five logic operations. The electronic circuit which performs one of these logic functions is
called as a gate. The logic gates that perform one or more of the basic operations are called
combinational gates.In this part of the course, we are mostly investigate the properties of such
combinational gates.

The voltages (or currents) in digital logic circuits have two possible states corresponding to two
binary variables: 0 and 1. We usually define the LOW voltage to correspond to a binary 0 and
the HIGH voltage to correspond to a binary 1.

As we can obtain an inverter (or non-inverter) from NOR and NAND (or from OR and AND
gates), we are going to analyze the properties of digital circuit families mostly by starting with
the analysis of the inverter or non-inverter gate.

2.1.1 Inverter and Non-Inverter Gates

Figure 2.1.1(a) and Figure 2.1.1(b) below show the circuit symbols for the inverter gate. The
small circle denotes logical inversion (it makes no difference whether the inverting circle is at the
input or output). That is, if the input voltage is low, the output voltage will be high and vice
versa. This gate is also referred to as a NOT gate, since it performs the logical NOT operation.

[>o >

(a) (b)

Figure 2.1.1: Inverter symbols: (a) inverter symbol, (b) alternate inverter symbol.
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Figure 2.1.2(a) and Figure 2.1.2(b) below show the circuit symbols for the non-inverter gate,
or sometimes referred to as a buffer.

D —>0—
(a) (b)

Figure 2.1.2: Non-inverter symbols: (a) non-inverter symbol, (b) alternate non-inverter symbol.

2.1.2 1Ideal Inverter

Figure 2.1.3(a) below shows an ideal inverter gate operating with a single power supply, Voc.

Von(V)
logical 1
Vi ——
Ve
input | POt
(a) logical 0, 1
Vo2 Ve

(b)

Figure 2.1.3: Ideal inverter: (a) operates from a single power supply, (b) voltage transfer characteristic.

Figure 2.1.3(b) above shows the voltage transfer characteristic (VTC) of the ideal inverter gate,
where the logical 1 is ideally at the power supply voltage Voo and the logical O is ideally at
ground (0V). Logic gates with output voltage transitions from ground to the power supply
voltage are called to operate rail-to-rail.

The transition between output logic states ideally occurs abruptly at an input value of Voo /2.
Thus, logical input 0 (or input LOW) is represented by the voltage range 0 < Viy < Vie/2,
since an input in this range generates a logical 1 output (or output HIGH) state.

Similarly, logical input 1 (or input HIGH) is represented by the voltage range Voo /2 < Viy <
Vee.

The input voltage Viny = Ve /2 has an undefined output and will cause unpredictable results,
and is therefore avoided.

2.1.3 Inverter Voltage Transfer Characteristic

Figure 2.1.4 below shows the linearized form of the voltage transfer characteristic (VTC) of an inverter.
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Figure 2.1.4: Linearized voltage transfer characteristic (VTC) of an inverter

Indicated on the output axis are the voltages Vpoy and Vpp which correspond to the output
high and output low voltage levels, respectively.

On the input axis, V;,, is the maximum input voltage that is considered as a LOW input (i.e.,
that provides a HIGH output), and V;pg is the minimum input voltage that is considered as a
HIGH input (i.e., that provides a LOW output),i.e.,

LOW, if Vin < Vip
Vin = { HIGH,  if Viy > Vi (2.1.1)
undeﬁned, i Vi, < Vin < Vig

It is customary to indicate output voltages Vo, and Vg also on the input axis. Because output
voltages Vo, and Vpy for the current inverter will be the inputs for the next inverter. If we
want these outputs Vo and Vpg to be considered LOW and HIGH, respectively, for the next
inverter, then we must always have

Vor < Vi, (212)
Vorn > Vin. (2.1.3)

One of the critical points labelled on the VTC graph is the midpoint voltage, Vi, which is
defined as the point on the transfer characteristic where Vopyr = Vin and ideally should appear
at the center of the transition region. Vj; can be found graphically by drawing the Voyr = Vin
line (the unity slope line) on the VTC and finding its intersection with the VTC.
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Logic swing, Vg, is defined as the magnitude of the voltage difference between the output high
and low voltage levels, i.e.,

Vis =Vou —Vor (2.1.4)

Transition width, Vry, is defined as the magnitude of the voltage difference between Vi and
Vi voltage levels, i.e.,

Viw = Vim — Vi (2.1.5)

The low and high voltage noise margins, Vi, and Vi g, represent a safety margin for low
and high voltage levels, respectively.

VNML = ‘/IL — VOL (216)

Vvun =Voun —Vim
Extraneous noise voltages must have magnitudes less than the voltage noise margins.

The effects of input variations are also quantified in terms of the noise sensitivities. The low
and high noise sensitivities are defined as the difference between the input and midpoint voltage
for Vin at Vo and Vg, respectively, i.e.,

Vst =V — Vor (2.1.8)
Vvse = Vor — Vi

The quantity noise immunity is the ability of a gate to reject noise, and defined as the ratio
of noise sensitivities and the logical swing, i.e.,

VL = Vst (2.1.10)
Vis

Vary = 2358 (2.1.11)
Vis

Example 2.1: For the circuit in Figure 2.1.5 below, determine Vor, Vo, Vir, Vig, Vi, Vrw,
Vis, Vme, Vmn, Vvse, Vsa, Ve and Vrg.

136



VOU’{(V)

R %

0.2+ e ‘ ‘

Vo | [1 2 3 4 |
0.9 Vo
0.7

Figure 2.1.5: A VTC example

2.1.4 Fan-In and Fan-Out

A general logic gate has multiple inputs and multiple outputs. By multiple outputs, we mean
the output of a given gate is connected to (i.e., driving) the inputs of several load gates.

The term fan-in is used to describe the number of inputs of a gate, as shown in Figure 2.1.6(b)
below. Similarly, the term fan-out is used to describe the number of outputs of a gate, as shown
in Figure 2.1.6(a) below.

1o

Ek

(b)

Figure 2.1.6: Fan-in and fan-out: (a) Fan-in (b) Fan-out

Figure 2.1.7 below shows the input and output impedance model of an inverter.
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Figure 2.1.7: Input and output impedance model of an inverter.

Figure 2.1.8: Static driving of multiple (identical) inverters.

Maximum fan-out of a digital logic circuit is the maximum number of load gates that can be
connected to the output of a gate in parallel as shown in Figure 2.1.8 above. From the static
behaviour point of view, it is restricted by its input and output currents,

Niax = min (NOL(maX)7 NOH(max)) (2112)
where
[OL max
NoL(max) = L%J (2.1.13)
1L
]OH max
Nomy = | 1250222 (2114
IH

and |-| denotes the floor function.
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Figure 2.1.9: Dynamic driving of multiple (identical) inverters.

As input current of MOSFET’s is the infinitesimal gate current, this might suggest that logic
circuits with MOSFETs will have an infinite fan-out. However, this is not the case. Fan-out
of MOSFET digital circuits is limited by the input capacitance of the gate which is the gate
oxide capacitance due to dynamic behaviour. As you see in Figure 2.1.9 above, equivalent load
capacitance will be higher (parallel capacitances are added together) limiting the maximum
operating frequency. In other words, maximum required operating frequency will limit the
maximum number of load gates.

Example 2.2: For the circuit in Figure 2.1.10 below, calculate the maximum fan-out.

I(low) = 2.43 mA (out) Io{low) = 54.3 mA (in)
-2 -4
. — B
I (high) = 98.9 pA (in) Lyn(high) =71.4 mA (out)

Figure 2.1.10: Inverter with input and output currents shown.

2.1.5 Transient Characteristics

Digital circuits have finite switching speeds, i.e., switching a voltage from high to low (or low
to high) requires a finite amount of time called turn-on tox and turn-off tppp time.

Additionally, when the input voltage changes from one level to another, the output voltage is
delayed in time, which is referred to as propagation delay.

For digital circuits employing BJTs, these time limitations are caused by the time required to
store and remove charge from the base region.
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Similarly, transient characteristics of digital circuits employing MOSFETs are limited by the
gate oxide capacitance.

Ideally, turn-on, turn-off and propagation delay times are zero, as shown in the ideal transient
response of the inverter in Figure 2.1.11 below.

V(V)

>t

Figure 2.1.11: Ideal transient response of an inverter.

Vin (V)

t (ns)

(2)

10% —Af
t (ns)

(b)
Figure 2.1.12: Switching speed definitions: (a) input pulse (b) output pulse.

Figure 2.1.12 above shows an input pulse and output response of an inverter. Here, t; is the
delay time, ¢, is the rise time, ¢, is the storage time, t; is the fall time, toxy = t4 + ¢, is the
turn-on time and topp = ts 4ty is the turn-off time.
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The 10% Vog and 90% Voy points are marked on both the rising and falling edges of the output
voltage. The rise time ¢, and fall time ¢; are the times associates with charging and discharging
load capacitances.

The delay time t; and storage time ¢, are associated with the storage charge of PN junctions.

VadV) Propogation Delays

t(ns)

t(ns)

Figure 2.1.13: Propagation delay definitions: (a) input waveform (b) output response.

Figure 2.1.13 above shows an input waveform and output response of an inverter. Here, tpr gy
is the low-to-high propagation delay timereferring to the low-to-high transition of the output
and tpgy, is the high-to-low propagation delay timereferring to the high-to-low transition of the
output.

The 50% points are labelled on the rising and falling edges of both the input and output wave-
forms.The 50% points are used to defined the time required for the output to respond to the
input.

The overall propagation delay time Ep(avg) 1S defined as the average of low-to-high and high-to-low
propagation delay times, i.e.,

t t
_ lpru +lpur (2.1.15)

tp(a/ug) 2
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2.1.6 Average Power Dissipation

Figure 2.1.14: Power dissipation in a logic gate with two power supplies.

A logic circuit with two power supplies is shown in Figure 2.1.14 above. As the power dissi-
pated in this gate for the output high and output low states are different, the average power
dissipation Pp,.4) for this gate with two possible states are given as

PD(avg) — PCC(G/UQ) + PEE(avg) (2116)
_ Pecion) + Pecor) i Peeon + Peeow) (2.1.17)
y 5 1.
I I I I
_ locon) ;r ccon v, Iesom ;F EEQOL) v, (2.1.18)

As we will see later, static power dissipation will be zero in CMOS circuits. Hence, we have to
consider the dynamic power dissipation as given below

PD(dynamic) - CLf V[?S (2119)

[|[where Cy, is the load capacitance, f is the frequency of switching and Vg is the voltage swing
over the load. In CMOS circuits operate rail-to-rail, so V. = Vpp, where Vpp is value of the
DC power supply.

2.1.7 Power-Delay Product

Low power dissipation and short propagation delay times are both desirable for digital logic cir-
cuits. However, faster propagation times are achieved at the cost of increased power dissipation.
Conversely, lower power dissipation results in longer propagation delays

A practical figure of merit used for digital logic gates is the power-delay product or speed-
power product given by
PD = PD(zwg) X pr((wg) (2.1.20)

The unit of power-delay product is in terms of joules and the lower the value of the power-delay
product the better.

For a logic family, this power-delay product can be considered as constant. In other words, if
you want to decrease power dissipation by increasing resistor values, the propagation delay will
increase accordingly. You can change the power-delay product by redesigning the whole digital
circuit (using different design and/or different components).
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2.1.8 Logic Families

A summary of logic families are shown as a diagram in Figure 2.1.15 below.

RTL {Resistor Transistor
Logic)

DTL {Diode Transistor
Logic)

DCTL (Direct Coupled
Transistor Logic)

— Saturated —

I’L Integrated Injection
Logic

— HTL {High Threshold Logic)

— Bipolar -

TIL {Transistor Transistor
Logic)

Schottky TTL

Logic Families |— - Mon-Saturated

ECL {Emitter Coupled Logic)

— PHMOS

- Unipolar HMOS

L CHMOS

Figure 2.1.15: A diagram of logic families.

All logic families have different properties. For example, CMOS logic circuits have very low
power dissipations.

For another example, propagation delay and power dissipation characteristics for TTL and STTL
families are given in Table 2.1 below.
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Table 2.1: Power dissipation and propagation delay characteristics of TTL and STTL families

Family | Power | Prop. Delay
TTL 10mW | 9ns
STTL 20mW | 3ns
LSTTL 2mW | 9ns
ASTTL | 10mW | 2ns
ALSTTL | 1mW | 4ns
FAST 4mW | 2ns
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2.2 Diodes

2.2.1 Diode Model

Diodes are important elements in digital electronic circuits, as well as they are used to perform
various logic operations, they are also used as variable capacitors, DC voltage level shifters and
clamping diodes at logic circuit inputs.

Symbols for PN junction diodes and MN junction diodes are shown in Figure 2.2.1(a) and
Figure 2.2.1(b) below, respectively.

+ V, — + Vp —
—Dt— —
_— e
I Ip

(a) (b)
Figure 2.2.1: Diode symbols: (a) PN junction diode, (b) MN Schottky barrier diode.

PN junction diodes are formed from the combination of P-type and N-type regions. Usually,
PN junctions in integrated circuits (ICs) are usually formed by utilizing the two out of the three
regions of a bipolar junction transistor, instead of a separate device structure. Turn-on voltage
for a PN junction diode is Vpion) = 0.7V.

MN junction (Schottky Barrier) diodes are formed from the combination of a metal and an
N~ -type semiconductor. Metal used in MN junction diodes is mostly platinum silicide (Pt5Sis).
As there are no holes present, MN junction diodes are much faster than PN junction diodes.
Turn-on voltage for a Schottky Barrier (MN junction) diode is Vsepion) = 0.3 V.

Cross sections of some example PN and MN junction diodes as shown in Figure 2.2.2(a) and
Figure 2.2.2(b) below, respectively, in order to highlight some of the fabrication properties.

Schottiy MN contact
SiO, PNINCIC. crmic contact SiO, ohmic contact
- i'f“’ ; 1 ;j_' — ; ; L Eﬁi:?
1\. .I T T P+ T T &fl [ ] 7 T | ] T &Jr 1 ] i
LA - oplodal layer P ' Pe - opkxial layer P J
b = Neburedlayer - . Lo = Neburied layer :
P substrata ' P substrate

(a) (b)

Figure 2.2.2: Diode cross sections: (a) PN junction diode, (b) MN Schottky barrier diode.

Diode current-voltage (IV) characteristics are normally governed by the well-known Shockley’s

diode equation,
Ip =Is (/7 1) (2.2.1)
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where Ig is the reverse saturation current (typically pA for PN junction diodes and pA for MN
junction diodes) and v = ¢r = kT/q is the thermal voltage (typically v = 26 mV at 300 K)
with £ representing the Boltzman constant, 7' representing the temperature in kelvins and q
representing the elementary charge.

In the analysis of digital circuits, we are going to use the simplified diode model as shown in
Figure 2.2.3 and summarized in Table 2.2 below

L(A)

conducting

edge of
conduction

cutoff

V,(ON)=0.7
Veo(ON) = 0.3

'Vnm

Figure 2.2.3: TV characteristics of the simplified diode model.

The transition point from cutoff mode to conduction mode (i.e., when the current is not yet
flowing) is called as edge of conduction (EOC).

Table 2.2: Diode modes of operation

Junction Bias Mode of Operation
Reverse Cutoff (OFF)
Forward Conducting (ON)

The large signal diode model used in SPICE in shown in Figure 2.2.4 below.

- Vv, -
I
R, G
AVAYAY, —
—_—
I /__\
N

I',
Figure 2.2.4: SPICE diode model.
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PN Junction capacitance can be utilized in ICs by applying a negative bias to a diode. Diodes
used for this purpose are referred to as varactor diodes and have the modified circuit symbol
presented in Figure 2.2.5 below.

Dy
Figure 2.2.5: Varactor diode (voltage dependent capacitor for Vp < 0).

2.2.2 Clamping Diodes

When the input to a gate is switched from high-to-low, the input voltage sometimes swings well
beyond 0V. This is called as ringing and may cause physical damage to the gate.

Connecting clamping diodes to each input of a gate, as shown in Figure 2.2.6 below, eliminates
this problem by preventing inputs from falling below —0.7V. The diodes will not affect the
operation of the gate, as the diodes are open circuit for positive inputs.

Veo Digital
v o |
e Circuit
Ve C
A A If
<

Figure 2.2.6: Input clamping diodes.

Clamping diodes can be also connected to the output(s) of a gate.

Most TTL/STTL families employ clamping diodes at their inputs and sometimes also at their
outputs.

2.2.3 Level-Shifting Diodes

It is often required to change the voltage level across particular portions of digital circuits, e.g.,
to level shift the output voltage.

Another use of the diode forward voltage is to ensure that sub-circuits with complementary
objectives are not conducting simultaneously. For example, T'TL circuits employ two output
drivers. Only one driver should be working for the output-low state, while only the other driver
should be working for the output-high state. Placement of a voltage level-shifting device between
the two drivers ensures the desired operation by allowing only one driver to be on at a time.

147



Example 2.3: For the circuit in Figure 2.2.7 below, determine the level-shifting voltage Vipiz .

L-1

_I_
Z Vo(ON)

Vaa
+

11 VA(ON)

Figure 2.2.7: A level-shifting diodes example.
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2.3 BJT Transistors

Bipolar junction transistors (BJTs) are very important in digital circuits, e.g., TTL circuits are
based on BJTs. Figure 2.3.1 below shows a 3D cross-section (without metallization) of an NPN
BJT fabricated with the junction isolated technology.

P+ N-eptaxial leyer | P+
e — N+ burled layer e —
P substrate

Figure 2.3.1: Three-dimensional cross-section (without metallization).

In some BJT logic families (e.g., TTL), multiple inputs are achieved by using multi-emitter BJTs
as shown in Figure 2.3.2(a) below.

0, E, E, E B Cc S EIC., E, E E B c s
- s s 141 441 21 i Za V7)—5A 121
T ] |. Tk TN Te ) P T e/ T ] . Y T T |. ThNe 7 TN+ TN+ 5 f The 7 1 ]
v\ P b " Neophwdallayer |\ P+ /| : Pe ) _ yor |\ P )
— N+ buried layer ) — — 4 N+ burled layer e —
\ \ |
\ \

P substrate ( P substrate

(a) (b)

Figure 2.3.2: Multi-emitter NPN transistor cross-sections with junction isolation technology: (a) BJT,
(b) Schottky-clamped BJT.

A multi-emitter Schottky-clamped BJT (SBJT) is shown in Figure 2.3.2(b) above. The base
contact is extended over the N collector region, thus placing a Schottky Barrier (MN) diode in
parallel with the base-collector PN junction. This device operates much faster than a normal
BJT, and an SBJT does not go into saturation mode.

The most frequently used notation and symbols for BJT transistors are shown in Figure 2.3.3
below for the NPN and PNP transistors.
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Figure 2.3.3: Notation and symbols used for BJT transistors: (a) NPN transistor, (b) PNP transistor.

2.3.1 Ebers-Moll BJT Model

Ebers-Moll model is a well-known BJT model, shown for an NPN BJT in Figure 2.3.4, can be used
to calculate the terminal currents for all modes of operation.
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Ippe = Igs (e72/7 — 1) (2.3.1)

collector l Ic Ippo = Ios (67297 = 1) (2.3.2)
B Igg is the base-emitter reverse saturation current,
Ics is the base-collector reverse saturation current,
D Y <J, a,l
* * o 7 is the thermal voltage (k7'/q = 26 mV at 300 K).
+
I, Ip = Ippr — arlp e (2.3.3)
*
base «
Ic = aplp pe — IpBC (2.3.4)
+
| Ip=1Ip—Ic| (2.3.5)

ar and ap are the common base forward and
D \C <T Galpac reverse amplification factors. (typically ap ~ 1
and 0.2 < ag < 0.6)

| Reciprocity theorem:

emitter O Il ]5 :‘OZF]ES == OéRICS‘ (236)

Is is known as the transport saturation current.

Figure 2.3.4: Ebers-Moll NPN BJT model.

2.3.2 BJT Modes of Operation

A BJT transistor has two PN junctions: the base-emitter PN junction (BE junction) and the
base-collector PN junction (BC junction), as depicted in Figure 2.3.3 and Figure 2.3.4 above.
As either junction can be forward or reverse biased, there are four modes of operation (or four
transistor states) as shown in Table 2.3 below.
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Table 2.3: BJT modes of operation

BE Junction BC Junction Mode of Operation

Bias Bias
Reverse Reverse Cutoft (OFF)
Forward Reverse Forward Active (FA)
Reverse Forward Reverse Active (RA)
Forward Forward Saturation (SAT)

(Forward Saturation (FSAT) or
Reverse Saturation (RSAT) in reality)

In all modes of operation, Kirchoff’s Current Law (KCL) must be satisfied, i.e.,

Ip = Ic+ I (2.3.7)

2.3.2.1 Cutoff (OFF)

In the cutoff (OFF) mode, both PN junctions (BE and BC) of the BJT are reverse-biased. If
we assume simplified diode model for the PN junctions in the Ebers-Moll model, both Ip pg
and Ip pc are zero. Consequently,

Igorr =0 (2.3.8)
IC(OFF) =0 and IB(OFF) =0 (239)

2.3.2.2 Forward Active (FA)

In the forward active (FA) mode, the base-emitter PN junction (BE) is forward biased and
the base-collector PN junction is reverse biased. In the Ebers-Moll model, Ip o becomes zero.
Consequently,

Vagra = 0.7V (2.3.10)
IC(FA) = BF]B(FA) or IC(FA) = OCFIE(FA) (2.3.11)

where [ is the common-emitter current amplification factor given by

ap

= 2.3.12
e (2.3.12)
Similarly, ap can also be expressed in terms of S as
Br
T Bl (23.13)
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2.3.2.3 Reverse Active (RA)

In the reverse active (RA) mode, the base-emitter PN junction (BE) is reverse biased and
the base-collector PN junction is forward biased. In the Ebers-Moll model, Ip g becomes zero.

Consequently,
Vicra = 0.7V (2.3.14)
—Ioray = (Br + 1) Ipra) (Io(ray < 0) (2.3.15)
or
Igra) = arlcray = —BrlB(ra) (Ipray < 0) (2.3.16)

where (g is the reverse active current amplification factor (typically 0.1 < fr < 2.0) given by

aR

= 2.3.17
Pr=1— on ( )
Similarly, g can also be expressed in terms of Sr as
Br
= 2.3.18
e Br+1 ( )

Note that, negative values for currents mean that currents flow in the reverse directions than
the directions shown in Figure 2.3.3. In other words, negative I and I mean that the current
is flowing into the emitter and out of the collector for an NPN transistor, and into the collector
and out of the emitter for a PNP transistor.

2.3.2.4 Saturation (SAT)

In the saturation (SAT) mode, both PN junctions (BE and BC) are forward biased. Normally, we
only consider the case called forward saturation where base-emitter junction has a stronger bias
(i.e., Vgg > Vpe for NPN transistors). The opposite case (Ve > Vg for NPN transistors) is called
reverse saturation and rarely occurs in digital circuits.

Forward Saturation (FSAT): In this mode, base current is large and collector and emitter
currents are saturated such that I < frlg. Note that, in this mode I and Ig are positive.

Ic(rsary < Brlprsar)
Vee(Fsar) = 0.8V
Veersary = 0.6V
Veewrsary = 0.2V

A saturation parameter o is defined to indicate the relationship between I and Ip as

Brlp

o (2.3.23)
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where 0 < 1. Note that ¢ is not constant, it changes according to the operating point, and
o = 1 denotes forward active operation and/or edge of saturation operation. If it is not given,
you may assume Opayx = 1.

Reverse Saturation (RSAT): In this mode, base-collector junction has a stronger bias, i.e.,
Ve > Vpg for NPN transistors, and collector and emitter currents are saturated such that
—Ig < BrlIp. Note that, in this mode I and [z are negative.

—Iprsar) < BrIB(rRsAT) (2.3.24)
—Iorsar) < (Br + 1) Ip(rsar) (2.3.25)
Verrsary <0 (for NPN transistors) (2.3.26)

In this course, we are going to refer forward saturation (FSAT) mode as the only saturation (SAT)
mode, i.e.,

SAT = FSAT. (2.3.27)

In all operation modes (FSAT, RSAT etc.) the following must hold:

1. I and Ig always have the same sign, i.e., always in the same direction,
2. Base current is always nonnegative, i.e., Ig > 0,
3. KCL is satisfied, i.e., Ip = I¢ + I,

4. KVL is satisfied, i.e., Vog = Vg — Vae.
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2.3.2.5 Simplified NPN BJT Model

We can show the simplified models for the four modes—namely cutoff (OFF), forward active (FA),
reverse active (RA) and saturation (SAT)—of operation of NPN transistors in Figure 2.3.5 below.

collector 31 =0

emitter éll'z: 0
(a) OFF
collector ?llc'(ﬂ

= V,(RA)=07V

Iy T

base ©

ol = B‘nls

emitter O 11" <0

(c) RA

collector ¢ llc

@ ol = ﬁwla

_i..
base O
+ V(FA)=07V
emitter -.;vll
B
(b) FA
collector Ollc
= V., (SAT)=06V
L, !
base © : —

-:L V,,(SAT) = 0.8 V

emitter O l 1,

(d) SAT

Figure 2.3.5: Reduced NPN BJT models for the four modes of operation: (a) Cutoff (OFF), (b)
Forward Active (FA), (b) Reverse Active (RA), (d) Saturation (SAT).

We can summarize the simplified NPN BJT model with its state and circuit behaviour with

Table 2.4 below.
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Table 2.4: Simplified NPN BJT models for the all modes of operation

Simplified NPN BJT Model

State Circuit Behaviour | Test Condition

I =0, Vee < V) ,

Cutoff (OFF) ¢ B TR

Igp=0,Ip=0 Vee < VBo(ra)

Vee =V, , Vee < V; ,

Forward Active (FA) B BRI pe = oA
Ic = Brlp Vee > Vepwrsary > 0

Vee = VBeo(ray, Vee < VBE(FA)

Reverse Active (RA)
Ic =—(Br+1)I5 Ver < Voprsary <0

Ver = Vi : Io < Brip,

Forward Saturation (FSAT) cr CE(FSAT) “ BB

. Vee = VBE(FsAT) Ie >0, Ig >0,
[ Saturation (SAT)]

Vec = VBo(rsar) Ver >0, Ip > 0.
Vee = Vogersar), —Ic < (Br+1)Ip,

Reverse Saturation (RSAT) | Vip = Viprsan Ic <0, I <0,
Ve = VBo(rsar) Ver <0, I > 0.
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2.3.2.6 IV Characteristics

L(A)
I,=6A
Forward Saturation
I=5A
§ hd
forward L
Br >B ——u active I,=3A increasing

I,=A
i | i
L=A — . Va(V)
.y oA Lot g
B ¢ h:gﬁ f; € Reverse Saturation
I,=6A

Figure 2.3.6: Output IV characteristics (Ic vs. Vog) of a common-emitter NPN BJT transistor with
Ip as a parameter.

Figure 2.3.6 above shows a set of I¢ versus Vop characteristics for changes in I (of amount
A) as predicted by the Ebers-Moll model. For equal increments in I, the curves in the active
regions are approximately evenly spaced, although the curves in the reverse active region are
much closer than those in the forward active region.

Example 2.4: For the circuit in Figure 2.3.7 below, determine the state of the transistor and
find currents Ig, Ic and Ig, given Sr = 65.

"Jcc =5V

Figure 2.3.7: A simple circuit for unknown BJT state example.
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Example 2.5: For the circuit in Figure 2.3.8 below, determine the voltages at the base and
emitter of each BJT.

Qi(SAT)

Figure 2.3.8: A digital sub-circuit for known BJT states example.

Example 2.6: For the circuit in Figure 2.3.9 below, determine / and V. Assume the BJT
base current is negligible.

R, g 200 Q
_J,l
R, § 750 Q

S

D, ¥
m%awg

Vgp=-52V
Figure 2.3.9: A saturated BJT example.

o
WA
<
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2.3.3 BJT Sub-Circuits

In order to provide a preview to succeeding chapters, this subsection introduces sub-circuits
common to all TTL families summarized by the NAND block diagram in Figure 2.3.10 below.

Output
High
| Pull-up
No Driver
o Diode or |
iode o v :
Voo == Multi-emitter j—=2% SDE;:r — V7 —_—
AND gate P l
Yo, ———
Yes Output
Low
Pull-down
Driver

Figure 2.3.10: TTL family NAND super-circuitry block diagram.

2.3.3.1 Input Section
For this NAND diagram, input section consists of ANDing of all inputs either with a parallel
diode configuration or with a multi-emitter BJT.

2.3.3.2 Drive Splitter

Depending on the result of ANDing, the drive splitter turns on one of the two output sections,
namely output low and output high driver sections. A typical drive splitter is a BJT acting as a
switch, when it is cutoff mode it activate the output-high driver and when it is in saturation mode
it activates the output-low driver. Driver splitter section also provides an inversion operation.

2.3.3.3 Output-High Pull-Up Driver

As the output goes low-to-high, current is required to charge the equivalent input-capacitance of
the load gates. Output-high pull-up driver provides the current for this charging. Some example
pull-up driver sub-circuits are shown in Figure 2.3.11 below.

V, Ve
o)

Ve
o |
Re /
y e
____{QP | _._\_J/Qn
| ~—© Vea N
Lo

oo Ve o Ve

Licme Luerve

(a) (b) (0

Figure 2.3.11: Pull-up driver sub-circuits: (a) Passive pull-up, (b) Active pull-up, (¢) Darlington pair
active pull-up.
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A simple voltage driven resistor, also known as passive pull-up, would serve the purpose as
shown in Figure 2.3.11(a) above.

An emitter-follower shown in Figure 2.3.11(b) above is an active solution which provides a
higher output current and hence provides faster switching time for the load gates. For even
more sourcing current, a Darlington pair can be used as shown in Figure 2.3.11(c) above.

Active pull-up circuitry also provides greater fan-out.

2.3.3.4 Output-Low Pull-Down Driver

There are two purposes of output-low pull-down circuits: one is to discharge the capacitive load
by providing a large sinking current, and another is to provide larger fan-out by sinking currents
I7;, from all the load gates as shown in Figure 2.3.12 below.

-
L | }
“"u ‘!__ Il:
Output
Low
Pull-down
Driver | — ],

Figure 2.3.12: Fan-out current sinking for output-low pull-down driver.

Some example pull-down driver sub-circuits are shown in Figure 2.3.13 below.

Vo

Licmive
Yo

Ipassive
R

[EN] )

Figure 2.3.13: Pull-down driver sub-circuits: (a) Passive pull-down, (b) Active pull-down.

A simple resistor connected to a negative power supply (or ground), also known as passive
pull-down, would serve the purpose as shown in Figure 2.3.13(a) above.

A BJT, as shown in Figure 2.3.13(b) above, will server as an active pull-down in saturation
mode.

Another advantage of active pull-down or pull-up circuits is that they can be activated and/or
deactivated, apart from increasing fan-out.

2.3.3.5 Discharge Paths

In order to turn off a saturated BJT, all of the stored charges in the base region must be removed.
A path must therefore be available for base discharge. Some example discharge sub-circuits are
shown in Figure 2.3.14 below.
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CR

(a)
Figure 2.3.14: Discharge (or stored charge removal) sub-circuits: (a) Passive, (b) Active.
Figure 2.3.14(a) above displays a circuit with an additional resistor Rp that provides passive
charge removal.
Figure 2.3.14(b) above shows an active configuration for stored charge removal, which provides
a much faster discharge (i.e., higher discharge current) than Rp itself.
2.3.3.6 Base Driving Circuitry

On the other hand, the turn-on time of a BJT is dependent on the time required to charge
the base of the BJT. Active base driving current is often supplied to BJTs to ensure a shorter
turn-on time.

An emitter-follower BJT configuration, as shown in Figure 2.3.15 below where Qs drives base
driving current to (Do, usually supplies this driving current.

o
v

j::.:"II‘."-'E,

Qo

Figure 2.3.15: Active base driving circuitry.
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2.3.3.7 Power Dissipation of BJT Logic Circuits

Vm;::*Ioc

Vo 0— Gate —C Vour

L

Figure 2.3.16: .

When BJT logic circuits have a single power supply, as shown in Figure 2.3.16 above, the power
dissipation for a particular gate in a particular state is taken as the power supplied given by

PC’C = ICCVCC (2328)

where Io¢ is the current drawn from Voo and is obtained by summing all the currents leaving
the supply voltage source.

Vv

:
ST T

Figure 2.3.17: Currents leaving the power supply.

For example, for Figure 2.3.17 above, the current supplied by V¢ is

Icc = Igrp + Irc + Ircp- (2.3.29)

Consequently, the average power dissipated in a logic circuit with two output states (output-low
and output-high) is defined as

Iccoor) + Iccom)
2

Poc(avg) = Voo (2.3.30)

Example 2.7: For the circuit in Figure 2.3.18 below, calculate the average power dissipation
for this gate, if IRB(OH) =1.55 IIIA, IRC(OH) = 24.7LLA, IRCP(OH) =1.21 mA, IRB(OL) =1.14 mA,
IRC(OL) = 4.48 mA and IRCP(OL) =104 ,uA.
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.|f J

Figure 2.3.18: BJT logic gate for a power dissipation example.
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2.4 Resistor-Transistor Logic (RTL)

2.4.1 Basic RTL Inverter

Resistor-Transistor Logic (RTL) which is introduced in 1962, is constructed from resistors and
BJTs as shown in Figure 2.4.1(a) below.

Vourl(V) edge of conduction
Ve Van v 120D
RZ
By E
Vi R,
W] o, i .
|““ ! edge of on
l Vo= ValSAT) L Q6AD
- Va Va V)
(a) Vi = ViulFA)

(b)

Figure 2.4.1: Basic RTL inverter: (a) Circuit, (b) Voltage transfer characteristics.

A basic RTL inverter and its VTC are shown in Figure 2.4.1(a) and Figure 2.4.1(b) above,
respectively.

Here, Qo is in cutoff (OFF) state when the input voltage is zero, i.e., V;y = 0, consequently
output is HIGH as Voyr = Ve (because Ic = 0).

When the input voltage is enough, i.e., Viy = Vggra), to turn on Qo into the forward active
(FA) mode, then current [ will start to flow.

Hence, Voyr starts to drop with increasing Viy as Voyr = Vee — IcRe, I = PBrlp and
Iy = ViNn—VBE,0(Fa)
= o,

If we increase Vjy further, at some point (i.e., when Viy = Viy) Qo goes into saturation.
Consequently, output becomes LOW and remains constant at Voyr = Vogsar)-

We can summarize the state of the BJT transistor Qo for output-high and output-low states as
indicated in Table 2.5 below.

Table 2.5: State of active elements for output-high and output-low states in a basic RTL inverter.

Element Vpg Vor

Qo Cutoff (OFF) Saturated (SAT)
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Thus,

Von = Vee (24.1)
Vor = Veg(sar) (2.4.2)
Vir = VBEFa) (2.4.3)
Vin = Ipros)RB + VBE(EOS) (2.4.4)
I
= A py VBE(EOS) (2.4.5)
Br
Vee — Vi
= ¢ TOREOI p 4 VBE(EOS) (2.4.6)
BrRc

where EOS is edge of saturation, and hence Vpgpos) = Vee(sar) and Vogros) = Versar)-

2.4.2 Basic RTL NOR and NAND Gates

.||_

Figure 2.4.2: Basic RTL NOR gate.
Figure 2.4.2 above shows a basic RTL NOR gate.
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Figure 2.4.3: Basic RTL NAND gate.

Figure 2.4.3 above shows a basic RTL NAND gate.

Example 2.8: For the basic RTL NAND gate in Figure 2.4.3 above, determine the maximum
fan-in if all stack BJTs have Vogsar) = 0.17V and all load gates have Vpgra) = 0.7V.

2.4.3 Basic RTL Fan-Out

When a basic RTL inverter is in output-low state, any load gate would be in cutoff mode and
draw no input current.

Thus, maximum fan-out will be determined by the output-high state as shown in Figure 2.4.4
below.

166



Ve
o -
0 V’OUTJ V’oc
R 3 .
Vour = Vi Ry, .
—o—————o0—MA—  Q(SAT)
Ta

R, §

Ry v
Vi O——W I Q,(OFF) | —

= O V,om
L R’ ‘ Ve
= — O— NN Q’m(SAT) 2
e -
I,(SAT) .
| = R’
I
| —0 Viorn
| |
R’Bn
= o—MA— Qw(SAT)
T
['5,(SAT)

Figure 2.4.4: RTL Inverter in output high state with n identical load gates.

Output voltage is given by Vog = Voo — log Re where Iog = Irc and Voyr = Vou. So, Vo
is not constant and decreases with each added load gates, as the output current /oy increases

by each added load gate.

Thus, output current /oy which is the sum of the identical input currents I7, of N load gates,

is given by

Voo — Vi
Iog = —CCRC oF _ NIy

where I}, is given by

Von — VéE(SAT)
Ry

/ J—
IIH -

Then, number of load gates, i.e., fan-out, (dropping the prime signs) is given by

Vee —Voun Rp

N = il
Vou — VBesar) Re

Consequently, maximum fan-out is given by

Voc = Vormin)  Rp J
VoHmin) — VBE(saT) Re

Nmax - \‘

167

(2.4.7)

(2.4.8)

(2.4.9)

(2.4.10)



As Vor(min) = Vin,

(2.4.11)

N = { Vee — Vim RBJ

Vig — Vaa(sar) Re

Example 2.9: Determine the maximum fan-out for a basic RTL inverter with Voo =5V,
RB =10 kQ, RC = 1kQ, ﬁF = 25, VBE(SAT) = 0.8V and VCE(SAT) =0.2V.

2.4.4 Basic RTL Power Dissipation

As Vor, = Vegsar) all load gates will be in cutoff mode. So, output-low current supplied is
independent of load gates and given by

Vee — Ver,o(sar)

2.4.12
i (24.12)

Iccoor) =

However, output-high current supplied depends on the number of load gates connected and
given by

/
Voo — VBE(SAT)

1 = 2.4.13
CCOm = "Ro + RBJ/N (2.4.13)
If there is no load, Iccom) = 0.
Consequently, average power dissipation is given by
Iccor) + Iccon
Pec(avg) = ©L) (OH) Veeo (2.4.14)

2

Example 2.10: Consider a basic RTL inverter with Voo =5V, Rg =10k, Rc = 1k,
Br =25, Vepsar) = 0.8V and Vogsary = 0.2V. Find the average power dissipated

a) no load
b) a fan-out of 1.

2.4.5 Basic RTL Non-Inverter

Vour(V)
Ve ”’j
P v, '
J) Voun=Vee- Vm(SAﬁ lQ(s“:T)
| ~—
edge of
R, , saturation
Vi © AVAVAY }\\ o
Ry § edge of
J- co_gduction
L v, =0 QOB L — —_—
) ’ V= Vy(FA) Vi =V (V)

(a) (b)

Figure 2.4.5: Basic RTL non-inverter: (a) Circuit, (b) Voltage transfer characteristics.
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For the basic RTL non-inverter shown in Figure 2.4.5 above

Vou = Vec — Vegsar)

VorL, =0V

Vit = VBE(ra)

Vin = Ippos)Re + Veoros) + Vee
_ gwos)
C Br+1

Vee — Veros) Re
= —Z 4V +V,
Borl R, T Vpowos) + Voo

Rp + Vieros) + Voo

where EOS is edge of saturation, and hence Vpo(pos) = Vee(sar) and Vogpros) = Versar)-

Vee
Q
S
Vi Ry ,) Vie R ' Ve R,
—MWA—] Q@ o—AMWAV— Q - o—AMA— Q.
S Ta

Figure 2.4.6: Basic RTL OR gate.

Figure 2.4.6 above shows a basic RTL OR gate.
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Figure 2.4.7: Basic RTL NAND gate.
Figure 2.4.7 above shows a basic RTL AND gate.

2.4.6 RTL with Active Pull-Up

Figure 2.4.8: RTL inverter with active pull-up.

A method to increase the fan-out of RTL gates is to have an active pull-up configuration as shown
in Figure 2.4.8 above, where the purpose of each element in the circuit is listed in Table 2.6 below.
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Table 2.6: Purpose of each element for an RTL inverter with active pull-up

Element Purpose

Rps,Rpo Matched input resistors

Qs Drive splitter and pull-down of QQp

Re Along with Qg provides logic-inversion to output-high driver
Rgpp Limits base current to QQp

Qo Output inverting BJT and active pull-down for output-low driver
Qp Provides active pull-up for output-high driver

Rep Part of active pull-up

The states of active elements are given in Table 2.7 below.

Table 2.7: State of active elements for output-high and output-low states in an RTL inverter with

active pull-up.

Element Vpg VoL

Qo Cutoff (OFF) Saturated (SAT)
Qs Cutoff (OFF) Saturated (SAT)
Qp Saturated (SAT) (for fan-out > 1) Cutoff (OFF)

Edge of conduction (EOC) (for no load)

2.4.7 RTL with Active Pull-Up Fan-Out

Maximum fan-out will be determined by the output-high state.

Output current loy = Ig p(sar) = Ic,p(sar) + Ip,p(sar) which is the sum of the identical input
currents I, of N load gates, is given by

Vee — Ver,pisar) — Vor n Vee — VBe,p(sar) — Vou

= NI, 2.4.21
Rep Rec + Rpp m ( )

;o
where [} is

I Vo — VéE(SAT)
" Ry, /2

(2.4.22)

Then, number of load gates, i.e., fan-out, (dropping the prime signs) is given by
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N — Vee — Versary —Voun Rp Vee — VBesar) — Vou Rp
Vou — VBesar)y  2Rcp Vor — Veesary  2(Re + Rpp)

(2.4.23)

As Vor(min) = Vir, maximum fan-out is given by

Vee — Ve v, Vee — V) v
N = { cc — Vepwisary — Vin Rp cc — Veesary — Vin Rp J (2.4.24)

Vimg — Veesar)y  2Rcp Vin — Veesary 2 (Re+ Rpp)

If we ignore Ip p(sar) (i.e., (Rc + Rgp) > Rcp), maximum fan-out simplifies to

(2.4.25)

N~ {VCC — Vegisary — Vig Rp J

Vi — Veesar)  2Rcp

Example 2.11: Compare the maximum fan-out for the RTL inverter with active pull-up
with that of basic RTL inverter where Voo =5V, Rgp = Rps = Rpo = 10k}, Rc = 1k(,
ch =100 Q, VBE(SAT) = 0.8V, VCE(SAT) =0.2V and BF = 25.
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2.5 Diode-Transistor Logic (DTL)

2.5.1 Basic DTL Inverter

Diode-Transistor Logic (DTL) which is introduced in 1964 in order to overcome the low fan-out
of RTL, is constructed from diodes and BJTs as shown in Figure 2.5.1(a) below.

Vorl V)
|V¢| Vou = Vec —
| T T TC
/ %
P — “ ___2___\
i R, § |
Ry < | ] i
! 0 Vo |
D / D '
__1_____1___1_ - L r |
1 |
l- Voo = Vo SAT) -
b .
= V, =08
v Vu (V)
(a) Vv, =0.

(b)

Figure 2.5.1: Basic DTL inverter: (a) Circuit, (b) Voltage transfer characteristics.

A basic DTL inverter and its VI'C are shown in Figure 2.5.1(a) and Figure 2.5.1(b) above,
respectively.

When the input is low, e.g., Viy = 0V, input diode D; is forward biased so the voltage V,
between the diodes will be V, = Viy + Vp ron) and thus as Vepo = Vo — Vp rion)y = Vin,
output transistor Qo will be in cutoff mode. Consequently, output is HIGH as Voyr = Ve
(because Ic = 0)

Ve =Vin + Vb 10N (while Vin < Vg(sar)) (2.5.1)
Veeo = Ve — Vb Lion) (2.5.2)
Veeo = Vin (2.5.3)

When the input voltage is high enough, i.e., Vin = Vpg(ra), to turn on Qo into the forward
active (FA) mode, then current /o will start to flow.

Hence, Vpoyr starts to drop with increasing Viy as Vour = Voo — IcRe.

If we increase Viy further, at some point (i.e., when V;y = Vipgsar)), Qo goes into saturation
and Dj starts to turn off. As a result, Voyr becomes LOW and remains constant at Voyr =

Ver,o(sat)-

We can summarize the state of the active elements for output-high and output-low states as
indicated in Table 2.8 below.
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Table 2.8: State of active elements for output-high and output-low states in a basic DTL inverter.

Element Vpg VoL
Qo Cutoft (OFF) Saturated (SAT)
Dy, Edge of Conduction (EOC) Conducting (ON)
Dy Conducting (ON) Cutoff (OFF)
Thus,
Vou = Vee

Vor = Vegesar)
ViL = VBE(Fa)

Viaz = VBE(sar)

2.5.2 Basic DTL NAND Gate

NAND function is inherently provided by the DTL logic family by adding diodes in parallel
at the input pointing outward (i.e., towards the input) as shown in Figure 2.5.2 below for a

two-input basic DTL NAND gate.
Q Ve
|
Rc %
R
L—< Voor= Viwo
Q

Dy, D, -
Vo © |l‘7:| bl_l
b 1

\ » J ——
diode AND gate BIT inverter

Figure 2.5.2: Basic DTL NAND gate.

Example 2.12: Consider the DTL NAND gate in Figure 2.5.2 above, and determine

a) Truth table for Viya, Ving and Vopr (using LOW-HIGH states),
b) States of Dra, Dip and Qo when Viys = 0.4V and Viyp = 0.7V,
¢) States of Dra, Drp and Qo when Viya =0.3V and V;yp =04V,
d) States of Dra, D and Qo when Viya = 0.53V and Viyp = 0.55V.
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2.5.3 Diode Modified DTL

Ve Vo (V) edge of conduction
a
‘ Vo Q,(OFF)
Rc g
RS
5 Veur Q,(\FA)
D,
Vi o—Kb——
edge of saturation
additional level : Vo, = Vo(SAT) Q.(SAT)
shifting diode Py o= VeS8 v
4 dlschgge V=15 w(V)
v, P@ V=14

(a) (b)
Figure 2.5.3: Modified DTL inverter with additional level-shifting diode and discharge path: (a)
Circuit, (b) Voltage transfer.

As shown in Figure 2.5.3(a) above, basic DTL inverter can be improved by

o by an additional diode D5 to improve noise-margin-low V.

o by an additional discharge path (consisting of Rp and —Vgg) to the base of Qo to improve
the switching time from saturation to cutoff (i.e., to increase the low-to-high switching
speed).

2.5.4 Transistor Modified DTL

VUC
|
pR,§1.75kn ch .
(1-p)R, S 2k
N [ 'vom'
Q. D,
Qo
R, S 5kQ

Figure 2.5.4: Transistor modified DTL inverter.

The fan-out of the modified DTL in Figure 2.5.3(a) can be further increased by replacing Dys
with a self-biased BJT @ (prevented from going into saturation mode by ensuring always
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Vee < 0) as shown in Figure 2.5.4 above, where the purpose of each element in the circuit is
listed in Table 2.9 below.

Table 2.9: Purpose of each element for a transistor-modified DTL inverter

Element Purpose

Dy Input diode, provides ANDing and limits I;5

pRp Limits I,

(1 —p)Rp Self-biases @1, and prevents @, from saturation

Qr Level shifting to improve Vi, and provides base driving current Qo

Dy, Level-shifting diode for shifting transition width

Rp Provides discharge path for saturation stored charge removal from base of QYo
Qo Output inverting BJT and active pull-down for output-low driver

Re Part of passive pull-up

The states of active elements in a transistor modified DTL inverter are given in Table 2.10 below.

Table 2.10: State of active elements for output-high and output-low states in a transistor modified
DTL inverter.

Element Vg Vor

Qo Cutoff (OFF) Saturated (SAT)

Dy, Cutoff (OFF) Conducting (ON)

QL Cutoff (OFF) Forward Active (FA)

D, Conducting (ON) Cutoff (OFF)

Thus,

Vorn = Vee (2.5.8)
Vor = Vero(sar) (2.5.9)
Vi = Ve, L(ray + VBE0o(Fa) (2.5.10)
Vin = VBe,r(ra) + VBE,O(SAT) (2.5.11)

2.5.5 DTL NAND Gate

NAND function is inherently provided by the DTL logic family by adding diodes in parallel at
the input pointing outward as shown in Figure 2.5.5 below.
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pn,§1.75m

(1-p)R, S2kQ
7

Figure 2.5.5: DTL NAND gate.

2.5.6 DTL Fan-Out

Ve

Ve — -
e IR

J e *jg . PR’y S 175 k2
pR.:%l,'?ﬁkn . i
: chﬁm r. (1-pR,S2kQ
| 2 ——

| Vo=V [0 @

kQ 8 L
i =
.~ J \ J
% Y
driving gate (output low state) load gates (output high state)

Figure 2.5.6: DTL NAND gate in output-low state driving /N identical load gates.

Maximum fan-out will be determined by the output-low state, as when output is high input
diode D is cutoff (i.e., I1; = 0).
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From Path 2 and Path 1,

Ior = Ic,o(sar) — Irc(or) (2.5.12)
Vee — Vorosa
Irc(or) = o (54T (2.5.13)
c
Icosary = 0Brlpo(sar) (2.5.14)
Continuing,
Ipo(sar) = Ip,L(Fa) — IrRD(OL) (2.5.15)
VBE0(5A
Irpior) = % (2.5.16)
D
Voo — V. v v
Ty pin = cc BE,L(FA) D,L(ON) BE,O(SAT) (2.5.17)
pRp+ (1 —p)Rp/ (Br+1)
Voo = Ve Lra) — Vp,rion) — Veeo(sar) (2.5.18)
e 5.
From Path 1,
Vee =V, %
1, = Yoo = Voiom = Vep.owsar) (2.5.19)
Rp
Thus, the maximum fan-out is given by
ToL(max) Ic,0(sAT)(max) — IRrC(OL)
Ninax = { i = 7 (2.5.20)
L L
_ | omaxBriBosar) — Ircor) (2.5.21)
Iy -

Example 2.13: For the DTL gate in Figure 2.5.4, determine the maximum fan-out for Sr = 49
and o, = 0.85.

2.5.6.1 DTL Power Dissipation

Example 2.14: Calculate the average power dissipation for Example 2.13 above?
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2.6 Transistor-Transistor Logic (TTL)

2.6.1 Basic TTL Inverter

Transistor-Transistor Logic (TTL) which is introduced in 1965 in order to provide increased
fan-out, improved transient response and reduced chip area.

Vo=V VTC
Qowrr)

QI(SAT}

Q(){FA}

Qisam

Vo= Va(SAT) Qosan Quray

Vu=06 Vi (V)
V=05

(b)

Figure 2.6.1: Basic TTL inverter: (a) Circuit, (b) Voltage transfer characteristics.

A basic TTL inverter and its VI'C are shown in Figure 2.6.1(a) and Figure 2.6.1(b) above,
respectively.

Compare the TTL inverter in Figure 2.6.1(a) with the DTL inverter in Figure 2.5.1(a) in order
to see how diodes D; and Dy, are represented by the base-emitter and base-collector junctions
of the input transistor (); which replaced these two diodes.

When the input is low, e.g., V5 = 0V, base-emitter junction of Q) is forward biased, however
voltage at the base of (); is not enough to turn on both base-collector junction of (); and base-
emitter junction of Qp, so Qo is cutoff. So, collector current of (); is zero, i.e., Io; = 0. Thus,
Q)7 is in saturation mode (as Ic < fBrlp).

Vee,o = VIn + Vor,1(sam) (while Vin < Vig) (2.6.1)

As Qo is in cutoff mode when V;y = 0V, the output is HIGH as Voyr = Vee.

When the input voltage is high enough, i.e., Viy = Vegra) — Vorsar), Qo goes into the forward
active (FA) mode and current I will start to flow. Then, Voyr starts to drop with increasing
Vin as Vour = Vee — IrcRe.

If we increase V;y further, at some point (i.e., when Viy = Vigsar) — Versar)), Qo goes into
saturation and (); goes into reverse-active mode. As a result, Voyr becomes LOW and remains
constant at VOUT = VCE,O(SAT)-
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We can summarize the state of the active elements for output-high and output-low states as
indicated in Table 2.11 below.

Table 2.11: State of active elements for output-high and output-low states in a basic TTL inverter.

Element Vpg Vor

Qo Cutoff (OFF) Saturated (SAT)

Qr Saturated (SAT) Reverse Active (RA)

Thus,

Von = Vee (2.6.2)
Vor = Verosar) (2.6.3)
Vit = Veeoray — Ve, isar (2.6.4)
Vin = VBe,o(sar) — Veg,1(sar) (2.6.5)

2.6.2 Basic TTL NAND Gate

NAND function is inherently provided by the TTL logic family by using a multiple-emitter BJT
(ensuring a much-less chip area) as shown in Figure 2.6.2 below for a three-input basic TTL
NAND gate.

Vo ©

Figure 2.6.2: Basic TTL NAND gate.
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2.6.3 Standard TTL NAND Gate

Figure 2.6.3: Standard TTL 5400/7400 series NAND gate with totem-pole output.

Basic TTL inverter can be improved by adding a totem-pole output (stacking of two BJTs,
a resistor and diode in the output branch) to provide active pull-up and pull-down sections, a
drive-splitter transistor ()s, a discharge resistor Rp and clamping diodes at the inputs as shown
in Figure 2.6.3 above. The purpose of each element in the circuit is listed in Table 2.12 below.
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Table 2.12: Purpose of each element for a standard TTL NAND gate with totem-pole output

Element Purpose
Qr Multi-emitter input BJT, level-shifting of transition width and pull-down of Qg
Rp Limits I;p,
Drive splitter, provides base driving current (Qo, level-shifting of transition width
©s and pull-down of Qp
Re Along with Qg provides logic inversion to output-high driver
Qo Output inverting BJT and active pull-down for output-low driver
D, Diode level shifting to output-high output and ensuring output high driver is off
in the output-low state
Rp Provides discharge path for saturation stored charge removal from base of Qo
Qp Provides active pull-up for output-high driver
Rep Part of active pull-up and limits current-spikes during high-to-low transitions
Dca, Dep  Input clamping diodes to limit the negative voltage swing of the inputs

IJ..
Q, and Q, enter saturation
T Wl & s we——re— .
L1l 2 3 4 5 VuW)
V=05 |[Vp=14

Va=1.

Figure 2.6.4: Voltage transfer characteristics of a standard TTL inverter given in Figure 2.6.3.

When the input is low, e.g., V;y = 0V, base-emitter junction of Q) is forward biased, however
voltage at the base of (); is not enough to turn on both base-collector junction of (); and base-
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emitter junction of Q)g, so Qs and Qo are cutoff. So, collector current of ); is zero and @)y is
in saturation mode.

When V;y =0V, Qg and Qo are in cutoff mode and @ p is in edge-of-conduction (EOC) mode
(ie., no current flows as there is no-load). So, as Irc(on) = I,p(roc) = 0, the output is HIGH
and given as

Vour = Vec — IrcomRe — VBE,p(eoc) — Vp,L(E0C) (2.6.6)
= Vee — Vee,p(ra)y — Vp,Lion) (2.6.7)

When the input voltage is high enough, i.e., Vin = Vgg gra) — Ver,rsar), Qs goes into the
forward active (FA) mode and current Irc will start to flow. Then, Vopr starts to drop with
increasing Vin as Vour = Voo — IrcRe — VBe,p(roc) — Vb,L(EOC)-

If we increase Vjy further, then at some point (i.e., when Viy = Vg owray + Vae,sra) — Vor,i(sar))
Qo turns into forward active mode. As a result, Voyr decreases more rapidly as Ic o also starts

to flow and more current starts to flow from Ro. This point is called the break point. The
input and output voltages at the break point are labelled as V;p and Vg, respectively.

If Vi is kept increasing, then at some point (i.e., when Viy = Vg osar) + Vee,ssary — Ve, itsar)),
both Qs and Qo go into the saturation mode, ()p goes into cutoff mode and (); goes into
the reverse-active mode. As a result, Voyr becomes LOW and remains constant at Vopr =

Vero(sar)-

The states of active elements in a standard T'TL inverter are given in Table 2.13 below.

Table 2.13: State of active elements for output-high and output-low states in a standard TTL inverter.

Element Vpg Vos Vor

Qo Cutoff (OFF) Edge of conduction (EOC) Saturated (SAT)
Qs Cutoff (OFF) Forward active (FA) Saturated (SAT)
Qr Saturated (SAT) Saturated (SAT) Reverse active (RA)
Qp Edge of conduction (EOC) Edge of conduction (EOC) Cutoff (OFF)

Dy Edge of conduction (EOC) Edge of conduction (EOC) Cutoff (OFF)

Thus,
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Vor = Vee — Vee,pray — Vp,L(on) (2.6.8)
Vo = Voo — IesrayRe — Vee.pra)y — Vb,Lion) (2.6.9)
VBE,o(FA
=Voe — %(F)RC — ViEe p(Fay — Vp.L(oN) (2.6.10)
D
Vor = Veg,osar) (2.6.11)
Vi = Veeswra) — Vor,1(sar) (2.6.12)
Vie = Ver.owra) + Veeswra) — Vee.r(sar) (2.6.13)
Vin = VBE,o(sar) + VBE,ssar) — Ver,1(sar) (2.6.14)

Example 2.15: For the TTL gate in Figure 2.6.3, determine the VTC critical points Vo, Vor,
VYIL’ ‘/IH; VYIB and VOB for ﬁp = 100 and Omax — 0.85.

2.6.4 TTL Fan-Out

Vie=5V
.'r"
1
1 ....... .
Vae=3V i Re 21200
e 4] R,S4k2  R.Z16k0
3 _|_3_._ _
. Rf,glzon Py i J 4' 2
|§i4kﬁ R¢§|6m ” = g\ | Q, .
A e | R
Vo=V - T —0 Vou
o— Q') Q i P
g )
Bl o —r D& ~
i  ———
«’/t:} L Rpglm
D. & f.a — N
R-:.glm -
|
a 1 |
_L 2
- l.;
_—
Y - \-"J
driving gate (output low state) load gates (output high state)

Figure 2.6.5: TTL NAND gate in output-low state driving N identical load gates.

Maximum fan-out will be determined by the output-low state, as when output is high input
transistor )7 is in reverse active mode (i.e., I7; = 0).
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From Path 1,

Ior = Ic,osat)y — Ip,r(roc) = lc,o(sAT)
Icosar) = 0Brlposar)

Continuing
Ip.osary = Ig,s(sat) — Irp(OL)
Tnnion) = VBE,0(SAT)
RD(OL) = — 5
Rp
Ig ssary = los(sar) + IB,s(sAT)
Voo — Vi v
Tewsisar) = cc CE,S(S;;Z) BE,0(SAT) (from Path 2)
From Path 3,
I ssary = lc1(ra)
= (14 Br)IB,1(rA)
7 _ Vec = Veeiray — Veessar) — Veeo(sar)
B,I(RA) = Ry
From Path 1,
o Vee — VBe,r(sar) — Ver,o(sar)
L=

Rp

Thus, the maximum fan-out is given by

N — VOL(maX)J B VC,O(SAT)(maX)J
max = |77, | = |/
I, I,
_ OmaxBrIB,0(SAT)
Iy

(2.6.25)

(2.6.26)

Example 2.16: For the TTL gate in Figure 2.6.3, determine the maximum fan-out for p = 25,

Br = 0.1 and oy = 0.85.

2.6.4.1 TTL Power Dissipation

Example 2.17: Calculate the average power dissipation for Example 2.16 above?
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2.6.5 Open-Collector TTL

R, S 140

Figure 2.6.6: Open-collector TTL gate.

Open-collector TTL gates, one of which is shown in Figure 2.6.6 above, are often used in data
busses where multiple gate outputs must be ANDed.

o This can be accomplished by using a single pull-up resistor with open-collector TTL gates.

o This type of connection is referred to as wired-AND.
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2.6.6 Low Power TTL (LTTL)

Veem5V
R, §4om chzom RG%OOQ
Q.

Vi C—"I .\'\‘—"-‘ ‘l i Qs tﬁ\\\
Q N
4; Q
D. A ™

.||

Figure 2.6.7: Low power TTL (LTTL) with increased resistances.

Power dissipation can be lowered by just increasing the resistance values as shown in Fig-
ure 2.6.7 above.

However, this results in:

o decreased fan-out,

o longer transient response times.

Example 2.18: Calculate the average power dissipation for LTTL in Figure 2.6.7 and compare
it with that of T'TL which was calculated in Example 2.17.
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2.6.7 High Speed TTL (HTTL)

V=5V
7
| % Sssa
%ZSKQ Rfé’!ﬁﬂﬁ 5
e
(/ N\ —r% Q.
! ~
| Re 4k v,
D.A - |
| —{
™
RD§47OQ |

Figure 2.6.8: 54H00/74H00 high-speed TTL (LTTL) with smaller resistances and Darlington pair
active pull-up driver.

Switching speed can be increased by just decreasing the resistance values as shown in Fig-
ure 2.6.8 above. An additional Darlington pair is also used to improve the low-to-high switching
speed, together with Rgp resistor which provides a discharge path for ()ps in order to improve
the high-to-low switching speed.

However, this results in

o increased power dissipation.
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2.7 Other TTL Gates

In this section, we are going to investigate the following TTL gates

e AND gates

e NOR gates

e OR gates

e 'Tri-State buffers

XOR gates

2.7.1 AND Gate

NAND gate will become an AND date, if the output drivers are enabled in the inverse fashion.
This is accomplished by using an inverting driver splitter as shown in the block diagram of
Figure 2.7.1 below.

Multi-emitter
AND gate

AND-OR-INVERT (AOI) gates

Schmitt Trigger Inverters and NAND gates

Figure 2.7.1: Block diagram of a TTL AND gate.

Inverting
Splitter

No

- V07

L
[ .

Output
High
Pull-up
Driver

Output
Low

Pull-down
Driver

This second level inversion is accomplished by Q g2, Qsp, Ds, Rsp and Rcg which are enclosed
in the shaded block in Figure 2.7.2 below. Circuit symbol and VTC for a TTL AND gate are
also displayed in Figure 2.7.3 and Figure 2.7.4, respectively.
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Figure 2.7.2: Circuit schematic of a standard 5408,/7408 TTL AND gate.

D

Figure 2.7.3: Circuit symbol of a TTL AND gate.

INA
INB

Vor(V)
Ve=5+
4_
Vg = 3.64—————
1 '
2
li_
V=02 - .
1 2
vm- 1.2 vﬂ- 14

5 Vu(V)

Figure 2.7.4: Voltage transfer characteristics of a standard TTL AND gate given in Figure 2.7.2.

When the input is low, e.g., V;ny =0V, Q7 is saturated, Q5o and QQsp are cutoff. Consequently,
Qs and Qo are saturated, and QQp and Dy are cutoff. So, the output is LOW, i.e., Vo =

Vero(sar)-
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The output will start increase when Qo goes from saturation mode to forward active mode.
Only Qg2 being in forward active mode is not enough to decrease the voltage at the base of Qg
below 1.6 V and change the state of Qp. So, Qsp needs to go into forward active mode as well.
Thus, the value of the input to make the output rise is equal to Vi, = Vep spra) + VeE,s2(ra) —

Ve, 1(saT).-

Rs will turn off when the voltage at its base goes below 0.7V and this will occur suddenly when
®sp and Qg2 go into saturation. Thus, the value of the input which makes the output high is
given by Vig = Vae,spsar) + Vee,sasar) — Vor,rsar).- Then, Qr goes into reverse active mode
and the output stays high.

The states of active elements in a standard TTL noninverter are given in Table 2.14 below.

Table 2.14: State of active elements for output-high and output-low states in a standard TTL inverter.

Element Vpp Vou

Qo Saturated (SAT)  Cutoff (OFF)

Qs Saturated (SAT)  Cutoff (OFF)

Qp Cutoff (OFF) Edge of conduction (EOC)
Dy, Cutoff (OFF) Edge of conduction (EOC)
®@sp Cutoff (OFF) Saturated (SAT)

Qs2 Cutoff (OFF) Saturated (SAT)

Dg Conducting (ON) Conducting (ON)

Qr Saturated (SAT) Reverse active (RA)

A knee is not present in the VTC of the TTL AND gate in contrast to the VTC of the TTL
NAND gate, and the transition region is more abrupt. Thus,

Vor = Ver,o(sar) (2.7.1)
Vorn = Vee — Vee,pray — Vp,Lion) (2.7.2)
ViL = VBEe,spra) + VBE,sa(ra) — VeE, 1(sar) (2.7.3)
Vin = VBe,spsar) + VeEe,sasar)y — Ver,sar) (2.7.4)

2.7.2 NOR Gate

NOR function is obtained by using separate input sections ();, Rp and Qg for the inputs where
drive splitter transistors are connected in parallel (i.e., their collectors and emitters are connected
together) as shown in Figure 2.7.5(a) below. Circuit symbol for the NOR gate is also displayed
in Figure 2.7.5(b) below.
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(a)
Figure 2.7.5: Standard 5402/7402 TTL NOR gate: (a) Circuit schematic, (b) Circuit symbol.

Example 2.19: For the two input TTL NOR gate in Figure 2.7.5(a), determine the average
power dissipation and compare the result with that of a standard TTL inverter calculated in
Example 2.17.

NOTE: You need to consider all four possible input states.

2.7.3 OR Gate

OR function is obtained by using separate input sections and parallel drive splitter transistors
of the second lvel inversion circuitry as shown in Figure 2.7.6(a) below. Circuit symbol for the
OR gate is also displayed in Figure 2.7.6(b) below.
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Figure 2.7.6: Standard 5432/7432 TTL OR gate: (a) Circuit schematic, (b) Circuit symbol.
2.7.4 AND-OR-INVERT (AOI) Gates
TTL gates performing more complex logic functions can be designed using the following rules
1. ANDing of signals
o Multi-emitter input BJT sections
2. ORing of signals

o Multiple input sections (Q; and Rp)
o Multiple and parallel connected drive splitting BJTs (Qg)

3. If non-inverting ORing is desired
o Additional logic inversion circuitry with parallel connected drive splitting BJTs
4. Totem-pole output branch

Example 2.20: Design a four-input AOI TTL gate which performs Voyr = VaVe + Ve Vp.

Solution:Circuit schematic and circuit symbol for the solution are shown in Figure 2.7.7 and
Figure 2.7.8 below.
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Figure 2.7.7: AOI TTL gate performing Voyr = Va4V + Ve Vp in Example 2.20.

INA R

INB

INC —
IND

F=AB+CD

Figure 2.7.8: Circuit symbol for Voyr = VaVp + VeVp in Example 2.20.

Example 2.21: Design a six-input AOI TTL gate which performs Voyr = VaVe + Ve + VpVEVE.

Solution:Solution is given in Figure 2.7.9 below.
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Figure 2.7.9: AOI TTL gate performing Voyr = VaVe + Vo + VpVe Ve in Example 2.21.

Example 2.22: Design a six-input AOI TTL gate which performs Voyr = VaVp + Vo + VpVEVE.

Solution:Solution is given in Figure 2.7.10 below.
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Figure 2.7.10: AOI TTL gate performing Voyr = VaVe + Vo + VpVEVE in Example 2.22.

2.7.5 XOR Gate

INA
F=AXORB=A®B
INB

Figure 2.7.11: Circuit symbol for an XOR gate.

Circuit symbol and truth table for an XOR gate are given in Figure 2.7.11 above and Table 2.15
below, respectively.
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Table 2.15: Truth table for an XOR gate.
Vina Vine | Vour
LOW LOW | LOW
LOW HIGH | HIGH
HIGH LOW | HIGH
HIGH HIGH | LOW

As we notice, the output is LOW when the inputs are the same, and HIGH when the inputs are
different.

Also, the outputs will be the same, even when the inputs are inverted, i.e,

F=A®B=A9B (2.7.5)

We can form an XORing logic pair using two transistors: by connecting one input to the base
of the first transistor and to the emitter of the second transistor, and connecting the other input
to the base of the second transistor and to the emitter of the first transistor where the collectors
of the transistors are connected together, as shown in Figure 2.7.12 as () x1 and Q) x»

So, both transistors will be OFF when the inputs are the same. First transistor will be in
saturation if the first input is HIGH and the second input is LOW, and similarly second transistor
will be in saturation if the first input is LOW and the second input is HIGH. This is actually
the XNOR operation, so we need to add an inverter section to the common collector of the
transistors in order to obtain the XOR operation.

Also, in order to make sure the transistors will be in saturation when the inputs are different,
we invert the inputs first to obtain fixed voltage levels for the inputs of the XORing logic pair
which consists of QQx1 and Q) xo».
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Figure 2.7.12: Standard 5486,/7486 TTL XOR gate.

2.7.6 Schmitt Trigger Inverters and NAND Gates

Consider a noisy signal, shown at the top of Figure 2.7.13(a) below, as an input to an inverter
gate. We need to produce a neat inverter output signal considering the input is LOW before 5,
HIGH between ty and t3, LOW between t5 and tg and HIGH after tg, as shown at the bottom
of Figure 2.7.13(a) below.

As we can see, a single threshold is not enough to determine the input voltage state. Two
thresholds are needed one for low-to-high transition and another one for high-to-low transition.
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Figure 2.7.13: Schmitt trigger inverter: (a) Noisy input and the corresponding inverting output voltage
waveforms, (b) VT'C characteristics exhibiting hysteresis having different threshold levels V;p and Vi

for high-to-low and low-to-high transitions, respectively.

As seen from Figure 2.7.13(b) above, VTC exhibits hysteresis, i.e., low-to-high path is not the
same as the high-to-low path of the input-output relationship.

2.7.6.1 Basic Emitter-Coupled Schmitt Trigger Noninverter

Vaour(V)
Vs = Voo =5+ l T Output low-to-high transition
4l
vmﬂf-: | I ..... —— Output high-to-low transition
Vs =19 2 l T
1L
I T I SR R AN )

Figure 2.7.14: Basic emitter-coupled noninverting Schmitt Trigger: (a) Circuit, (b) VTC.
Hysteresis can be achieved by the basic emitter-coupled noninverting Schmitt Trigger circuit
shown in Figure 2.7.14(a) above.

Let us first investigate, low-to-high path of the input. When input is LOW, e.g., Vinys = 0V,
then Qg1 is cutoff and Qg9 is in saturation. Thus, the output is LOW, i.e., Voyrs = Vors =
Ve + Veg,sasar)- S0, Igss = Ipso + I g2, ie.,
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Ve Voo — Ve — Vpe sasar) n Vee — Ve — Ve sa(sar)

2.7.6
Rsk Rest Rcs2 ( )
We find Vg as
Vee =V, Vee — Vi
Vi = ( ©C — VBE,S2(SAT) | YOO CE7S2(SAT>> Req (2.7.7)
RCSI RCSZ
where Req = R051||R052||RSE-
Thus, Vo is given by
Vee =V, Voo — Vi
Vors — ( cc BE,S2(SAT) cc CE,SZ(SAT)) Req + Vor.sa(san (2.7.8)
R051 RCSZ

As, we keep increasing the input, eventually (Qs; will become forward active at an input voltage
Vins = Vivs = Vg + Ve,si(ra)- Then, Vg will increase and Voyrs will start to rise.

Thus, Viys is given by

Vee — VBE,s2(sa Vee — Ve, sasa
Vivs = ( RBE 25AT) R E,52(SAT) Req+VBE,Sl(FA) (2.7.9)
cs1 CS2

Once the input is further increased, voltage at (Qs; will go into saturation and (Qgo will turn off.
Then, the output voltage will become HIGH at Voyrs = Vons = Voo — [ros2 Rese- But, as
there is no load Ircgs = 0 and

Vous = Veco (2.7.10)

[|[Now we can investigate the high-to-low path of the input. In this case Qg3 is cutoff and Qg is in
saturation. The output will fall when Q5o becomes forward active, i.e., when Vg g2 = Veg(ra).

As Vi = Vins — Veesisar), Vee,s2 = Ve,s2 — Vi, VB,so = Voo — I siRes1 and I g1 = Ip g1 =
Ve/RsEg, we can obtain the input in terms of Vgg g0 as

Vee — ViEe,s2
Resi/Rsg + 1

Vins = + VBE,si(sar) (2.7.11)

As the output will start to drop when Qs turns on, i.e., when Vpg g0 = Vpg(ra), then we can
find Vipgs as
Voo — VBE,s2(ra)

Resi/Rse + 1

Vips = + VBE,s1(54T) (2.7.12)

Example 2.23: For the Schmitt Trigger noninverter circuit in Figure 2.7.14(a), determine the
Vours, Vors, Vivs and Vipg values where Rog1 = 4k€), Roge = 2.5k(), and Rgp = 1kQ.
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Solution: As R., = Reosi||Rosz2||Rse = 606 €2,

(VCC — VBesasary Voo — Veg,sa(sar)
Vi, s2(54T) =

R, =18V
Resi Resa ) I

Vors = Vi,sosar) + Vee,sasary =2V
Vivs = Viesaesar) + Veesipay = 2.5V
Vee — VBE,s2(ra

Resi/Rse + 1

Vips = ) + VBE,si(sary = 1.66 V

2.7.6.2 Schmitt Trigger NAND Gate

We can convert the basic emitter-coupled Schmitt Trigger noninverter in Figure 2.7.14(a) to
a TTL compatible Schmitt Trigger NAND gate by connecting and ANDing diode section at
the input and by adding a emitter-follower level shifter section with (), and D;, followed by a

normal inverting driver splitter connected a totem-pole output section at the output, as shown
in Figure 2.7.15 below.
T V=5V
R Rz <120Q
Ry, g Ren g R, § L6k
R >Rm R, § 40 Voo
Q Q
D, 4' Q R
Vo 00— Vs ™~
~ Qg D ¥ D,
Via © v, Vo

Do -

DuZ ZDa RSy Ra s %31
v v ' —— v
diode input section BIT emitter coupled level 5400/7400 TTL totem pole
Schmitt trigger shifter output and drive splitter

Figure 2.7.15: Standard 5424/7424 Schmitt Trigger NAND gate.

Circuit symbol for a Schmitt Trigger NAND gate is shown in Figure 2.7.16 below.

A —]
™ SNAND
B—

Figure 2.7.16: Circuit symbol for a Schmitt Trigger NAND gate.

An example VTC for a standard Schmitt Trigger NAND gate is shown in Figure 2.7.17 below.
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Figure 2.7.17: An example VTC for a standard Schmitt Trigger NAND gate.
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Example 2.24: For the Schmitt Trigger NAND circuit in Figure 2.7.15, determine the Vpp,
Vor, Viv and Vip values where Rogy = 4k€), Roge = 2.5k, and Rgp = 1k(2.

HINT: Use the results in Example 2.23.

Solution:
Vor = Vorosar) = 0.2V (2.7.19)
V}D = ‘/}US — VD,I(ON) =18V (2720)
Viv = Vips — Vp,ion) = 0.96 V (2.7.21)

2.7.7 Tri-State Buffers

IN—%OUT
EN

Figure 2.7.18: Circuit symbol for a low-enabled tri-state buffer (or noninverter).

Circuit symbol and truth table for a low-enabled tri-state buffer (or noninverter) are given in
Figure 2.7.18 above and Table 2.16 below, respectively.
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Table 2.16: Truth table for a low-enabled tri-state buffer.
Vin  Ven | Vour
LOW LOW | LOW
HIGH LOW | HIGH
LOW HIGH | HIGH IMPEDANCE (Z)
HIGH HIGH | HIGH IMPEDANCE (Z)

High impedance Z-state nodes are floating, i.e., not connected. So, high impedance Z-state
nodes are not at ground, not at V¢ and have no driving ability.

Vee=5V
% J Re 9‘35 Q
Rug4Q Rag25kQ 3 Ru§2.5m chlm 5
. I/ Q‘ R) g 4 m | ’,’_ —: - ————— _.‘
g H o o
;: oot \ >
- Qs : EN { D, —' Q.
_ Q.T-_I/\ DY — I SN - 1 L
Ven O—H -1 "oy Pl | Rp S 4 kQ
S \ .")Qn | - —0 Vour
: /L i , -
Q“ — Q1 B [ " I Q:
2: Dy 3 g
Ry < 1.6KQ 5 - | 4‘ Q
? ' ADa R.,gt.em 1 RZesa )
| | i _
Vin — -
Enable TTT Inverter B - _ TTL ;\'\D Gate )

Figure 2.7.19: Circuit schematic for a low-enabled tri-state buffer (or noninverter).

Enable-disable functionality is basically achieved by connecting a diode Dg to the enable input
of @); which is also ANDed together with the actual input.

o When Vgy is HIGH, Dg is OFF. So, the circuit operates like a normal noninverter and
output is determined by the input V;y.

o When Vgy is LOW, Qs and Qo are OFF due to AND operation, and Dy is also ON. As
Dys is ON, voltage at the base of Qp drops to Vgn + Vp s(on) which is not high enough to
turn on QQps. So, both Qo are QQpo are OFF, and output Vpyr is not connected to pull-up
or pull-down drivers regardless of the value of the input V. In other words, when Vgy is
LOW, the circuit is disabled and the output is in high impedance state.
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(a) (b)
Figure 2.7.20: Example usage of high-enabled tri-state buffers: (a) Four-buffers connected to a single
bus, (b)Case of T4 is enabled, Tg, T and Tp are disabled.

Figure 2.7.20(a) shows an example of four tri-state buffers connected to a single bus. Fig-
ure 2.7.20(b) shows how to enable a single buffer at a time using a 2:4 decoder, e.g., acting as a
4-to-1 multiplexer with two select inputs.

Tri-state buffers are often used to drive multi-bit circuit busses as shown in Figure 2.7.21 below.
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Figure 2.7.21: 8-bit data bus driven by four 8-bit register outputs where one enable signal enables or

disable all 8-bit register outputs.
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2.8 NMOS and CMOS Gates
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