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Abstract

For small signa analysis a simple change from commonly used tranconductance gm to
transresistance r=1/gm leads to a significant simplification of all equations. Moreover these
equations are much easier to memorize since they have a form of resistor ratio for CE (CS) and
CB (CG) configurations and the form or resistor divider for CC (CD) configuration.

With presented approach most of students are able to read diagrams and to understand the
effect of each element change on the circuit performance. Students are not lost with messy
equations, but they are in control of their design and they know which parameters they have to
change in order to change behavioral characteristics.

I. Introduction

Students usually have significant difficultiesin memorizing all the equations for calculation of
gain, input and output resistances for transistor amplifiers[1][2][3][4]. They do relatively well if
a.common source (emitter) is used, but they are lost when other configurations are considered. In
the paper, a simple way for analysis of transistor amplifiers is introduced. At first, approximate
and accurate methods for circuit biasing are discussed including both BJT and FET amplifiers.
All transistor circuit analysis should be always performed in the following order:

1. Biasing point calculation

2. Caculation of small signal parameters

3. Gain, input and output resistance calculation
This paper is also organized in that way.
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Fig. 1 Biasing calculation for FET transistor with series of resistor Rs

[I. Biasing calculation

Calculation of the biasing point for bipolar transistor circuits are relatively straightforward and
usually students do not have a problem with that. If it would be possible one should



recommended using a simplified approach instead of using the full Thevenin equivalent circuit.

In the case of CMOS circuits it is usually relatively easy to figure out al transistor currents.

There is, however one difficult exception in the MOS circuitry. This is the case for JFETs and

MOS transistors, shown in Fig. 1, where aresistor is connected with the seriesin the source.
Usually to find a biasing point a quadratic equation should be solved. It is however much easier

to use the following approach.

For n-channel FET transistor

Vee =§[¢2RSK(VGX VRS VAN M
For n-channel FET transistor
Ves =§[\/— 2RK Ve~V Jr1-1 v, 2
and the drain current is
1o = Ves =V ®

where K is transconductance parameter, V1 is threshold voltage. The direct formulafor drain
current is

:iVGX _VTH _R;]-K[\/i ZRSK(VGX _VTH )_|_1_1]
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where the minus sign should be used for p-channel devices.

(4)

Example 1

The circuit of Fig. 1 has Vex=2V, Rs=10kQ, V11=0.8V, and K=0.5mA/V?.
Find the transistor current.

Solution
RK =5V
From (1) Vi = %[\/ZRSK(VGX Vo ri-1rv, = %[1/2- 52-08)1-1]+08=15
and from (3)
K 2 05 2
I, = E(vGS Vo, ) = 7(1.52—0.8) =0.13mA

[1l. Small signal transistor parameters

The usage of h parameters is quite common for describing the small signa model of
transistors. Unfortunately these parameters confuse students. In the case of bipolar transistor only

three r, =1/g,,,r,, and S but not four h parameters are needed. Since 3 changes about 1% per



°C and thereislarge B spread between elements the acceptable assumption isthat # = 8 +1 and

this leads to further ssimplification. The small signal equivalent model of bipolar transistor is
shown in Fig. 2 and 3. In the presented approach small signal model of Fig. 3 will be used.

Fig. 3. Small signal equivalent model of bipolar transistor used in analysis.

Small signal parameters for bipolar transistor are:
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where thermal potential V; = LG =~ 25mV and Early voltage V, =50+ 200V
q

When substrate effects are neglected MOS linear model is described only by two parameters
r. =19, and r,.Equivalent diagrams of FET transistors are shown in Fig. 4 and 5. In the

presented approach small signal model of Fig. 5 will be used. Small signal parameters for FETs
are:
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Fig. 4. Small signal equivalent model of MOS transistor. For small signal analysis v, =V .
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Fig. 5. Small signal equivalent model of MOS transistor used in analysis.

IV. Gain calculation

There are three basic circuit configurations for single transistor amplifier. Larger circuits can
be almost always considered as a composition of these single-transistor amplifiers. Example 3in
the end of this presentation illustrates this type of approach. For bipolar transistors there are
common collector CC, common emitter CE, and common base CB configurations. For FETs
there are common drain CD, common source CS, and common gate CG configurations.
Diagrams for all three FET configurations are shown in Fig. 6.
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Fig. 6. Basic configurations of single transistor amplifiers with idealized transistor models: (a)
common drain (voltage follower), (b) common source, and () common gate.

In the case of the common drain configuration shown in Fig. 6(a), the voltage gain can be
found by inspecting the diagram and using resistor divider formula. For v, =V, and ro>> rp,

Vo = Rs Vg,  orvoltagegain szﬂ:L (7)
R + 1, Vo Rt

: : : . . r
Theinput resistanceis r,, = e and output resistanceis r,, = Rs ||, = Rl

Re +1n




In the case of the common source configuration shown in Fig. 6(b) also we have to note that
the small signal voltage on x node follows the gate voltage. For v, =V and r, >> rp, thedrain
current is:

, Vg
Ip = 8
o= Rar ®)
and from the ohms law the output voltageis:
. R, . Vo R,
Vy, =—1 =— V; and thevoltage gain = —_ 9
o =oRo =2 Agegan A= =-po ©)

The minus sign in equation above comes from the different directions (in respect to ground) of
currents through resistor r,, and Rp. The input resistance is r,, =< and output resistance is
I = Ry . Note that the resistance of idealized transistor seen from the drain side is equal to
infinity and the resistance seen from the source sideis equal to zero.

In the case of the common gate configuration shown in Fig. 6(c) v; =0, assuming that the

input voltage source isideal (has no series resistance) the small signal drain current is.
V-V VY

j o =—n_ "G _ "in 10
o, r (10)

and from the ohms law the output voltageis:
Vo =IpRp = &vm and thevoltagegain A, = Var _ o (112)

rm in rm

There is no minus sign in above equation because the small signal current through r, is excited
from a different direction. Theinput resistanceis r,, = Rs || r,, and output resistanceisr,, = R, .

The presented above approach with idealized transistors allows us a fast calculation of basic
parameters of transistor amplifiers. This simplified approach is good enough for students to
understand how each circuit parameter affects the circuits performance. They learn if the value
of resistance should increase or decrease to obtain required parameters.

Example 1

Find voltage gain, input and output resistance for the amplifier with PMOS transistor shown in
the Fig 7, and in this problem do not ignore ro. Assume that K= 200 pA/V?, A=0.03V™?, Ip=
10uA, Ri=IMQ, R,=5MQ, Rp=0.3MQ,
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Fig. 6. Ci rcuitrof Example 1



Solution
The small signal parametersr, and r, of the PMOS transistor must be found at first. Using (6)

M= Lo 158k r, -1 _333m0

J., +/2Kl, A,
The small signal diagram of the circuit using equivalent PMOS model with idealized is shown in
Fig. 8. Note that both diagrams on Fig. 8(a) and Fig. 8(b) are identical, somehow drawn
differently. An experienced student can use the diagram from Fig. 8(a), while a less experienced
one hasto redraw the diagram to the form shown in Fig. 8(b)

@ (b)
Fig.8. Small signal equivalent diagrams of circuit of Fig. 7.
By inspecting diagrams on Fig. 8(a) or Fig. 8(b) one can find that:
=— -

and from the ohms law the output voltageis:

. [|r
Vout ZIDRD ”ro :_%

and the voltage gain:

I

V.

n

A _Vou __Rollr, _0.3MQ|3.33MQ 174

Vv, r, 15.8kQ
Theinput resistanceis ., =R ||R,=0.83MQ
and output resistanceis I = Ro || 1, = 275kQ

If both Rs and r, are included in the transistor model computations are usually more
complicated than in the Example 1. Let us consider a very important case shown in Fig. 9.

The out resistance (assuming vi, = 0) is:

e =1+ R{1+ :—0} (12)

m

Effective transconductance (assume Ve, = 0)



I’*=i=ﬁ+l’m+Rszl’m+Rs (13)
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Fig. 9. Common source configurations of single transistor amplifier: (a) circuit diagram and (b)
equivalent small signal model with idealized transistor including r, parameter

Example 3

Find Q-points and the differential-mode voltage gain of the opamp of in Figure 10 if
Vpp=Vss=7.5V, lrer=250uA, K’ =250A/NV?, V1n=0.75V, A=0.017V %, K’pzlouA/VZ,
A=0.017V*, and V1p=-0.75V.
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Fig. 10 Smple operationa amplifier



Solution

(8 Find the biasing currentsfirst. By circuit inspection one may find that:
|D11: 05mA, |D12: 1mA, ID:I.: 025mA, |D2: 025mA, ID:I.: 025mA, |D6 = |D7 = 33OIUA
Note that at this point effect of channel length modulation was ignored.
(b) Find small signal transistor parameters. Using (6) one may find that
1 1
e e o
2K’V£’ s P
Note that an approximate formula without Vpswas used and the small signal parameters are
calculated only when required.
l01= 2= 235k.Q, lo3= o= 235k.Q, [o5= 587kQ, l012= 587kQ,
rmi= rme= 2kQ; rmps= 0.707kQ;
(c) Gain calculation. For the differential stage there are two signal paths M1,M3, M4 and
M1,M2,
In the first path M1 can be considered as CS configuration (9) and M3 and M4 as a current

mirror

ro,|lr
A =2 ot 56,375,

[
In the second path there are two stages. M1 can be considered as CD configuration (7) and M2
as CG configuration (11).

Aiz — rm2 r02 " r04 :29375’

- r.r'nl + r.m2 r.m2
Using the concept of superposition the total gain of thefirst stageis Aj=As1+Aq, = 58
The gain of the second stage composed of transistors M5 and M12 is (9)

Az — r.012 " r.05 :4151

m5
The last stage composed of M6 and M7 works as a voltage follower and has gain Az=1. For
accurate calculation a value of load resistance must be specified. Thetotal gainis Ay Ay As=2,439
VIV

IV. Conclusion

For small signal analysis we usually have to calculate input and output resistance and gain
(seldom input or output conductance). Therefore, it is more natural to use rp, instead of gn,. Note
that with the presented approach (use rn, instead of gm) the gain of amplifiersis expressed as a
ratio of resistances instead of the commonly used formulas with g,



For the common emitter/source the gain is the ratio of two resistances

A -1 instead of A, =9

M+ Rs 1+9,Rs
When transistor is driven by source with resistance Ry than
A :LR instead of A, = 9nRR R
rm+RS+7N 1+ngS+gm7N
B B

For common collector/drain configuration | would rather see aresistor divider

__ R - __9nRs
A,_rm+RS instead of A,_1+ngS

All equations for frequency responses seems to be more complicated if gm isused instead rp,

With this approach students are able to find the proper solution for basic single stage amplifiers
within a couple of minutes [5][6]. For example, most of them are able to analyze 20 different
circuits during a 50 minute exam. The described method has an even more significant advantage
during the design of analog integrated circuits such as OPAMP. More importantly the students
are able to read diagrams and to understand the effect of each element change on the circuit
performance. Students are not lost with messy equations, but they are in control of their design
and they know which parameters they have to change in order to change behavioral
characteristics. With limited space of this presentation only MOS examples were used, but
circuits with bipolar transistors can be analyzed in asimilar way.
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