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Transistors/Transistors switches/DTL/TTL

Today: (13.3, 15.1, 15.2)

• Bipolar Transistor (npn and pnp)

• Transistor switches

• DTL and TTL Logic Circuits
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6HPLFRQGXFWRUV

� 0DWHULDOV � VLOLFRQ FU\VWDO

� (OHFWULFDO FRQGXFWLRQ LQ VHPLFRQGXFWRUV FDQ WDNH

SODFH ZKHQ QHJDWLYH FKDUJHG HOHFWURQV RU SRVLWLYH

FKDUJHG KROHV �DEVHQW RI HOHFWURQV� PRYH WKURXJK WKH FU\VWDO�

• Material contain primarily free electrons is known as n-type semiconductor 
• Material contain primarily holes is known as p-type semiconductor
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'LRGHV

� :KHQ S�W\SH DQG Q�W\SH PDWHULDOV DUH SODFHG LQ

FRQWDFW� WKH UHVXOW VWUXFWXUH LV FDOOHG SQ MXQFWLRQ�

• In p-type material, holes are the majority carriers, electrons
 are minority carriers.
• In n-type material, electron are the majority carriers, holes
 are minority carriers.
• Three phenomena: (1) one way conduction; (2) injection of
•minority carriers when forward biased; (3) collection of 
•minority carriers when zero or reverse biased.
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)RUZDUG %LDV�5HYHUVH %LDV
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,�9 FKDUDFWHULVWLF RI SQ MXQFWLRQ

( )�� −= N7TY
V H,L

• Ideal pn junction obeys the equation

Where i and v are defined as
shown in the diagram on the right
q is the electronic charge,
k is Boltzmann’s constant
T is temperature in degree Kelvin
kT/q has a dimension of voltage, Vto (thermal voltage) =kT/q
Vto (300K or room temperature) is 0.026V.   
Is is saturation current constant (but depends on the size of 
the junction, impurity concentration, and temperature)
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,�9 FKDUDFWHULVWLF RI SQ MXQFWLRQV

( )�� −= N7TY
V H,L

With Is = 10-13A Vertical scale: 1mA per large division
Horizontal scale: 1V per large division
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%LSRODU 7UDQVLVWRU �QSQ�SQS WUDQVLVWRUV�

Two pn junctions make
a npn transistor

Forward bias Reverse bias

Emitter Base  Collector
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%LSRODU WUDQVLVWRUV �QSQ�
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Most emitter electrons flow into
the collector (emitter current i1 and
collector current i2 are approx. the 
same) and small amount flow 
out of the base as i3.
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([DPSOH
• A bipolar transistor is connected as shown.
Assume ic is related to the base current iB 
according to iC = 100iB. IBB is constant, iS is a

small time varying input current, iS=Iocos(ωt).
Find vout if IBB=10µA, Io=4µA, Vcc=10V
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Based on Ohm’s law:
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&RQYHQWLRQV 	 V\PEROV

The arrow indicates
the direction of the 
current flow.

VCB

VBE

VBE

iC

iE

iB

By KCL:
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By KVL:

��

((&6 �� 6SULQJ ���� /HFWXUH �� &� 7� &KRL

%LSRODU WUDQVLVWRU LQ DFWLYH PRGH

Active mode of transistor
means emitter injects
electrons into the base--
base-emitter (pn junction)
is forward biased.

VBE must be sufficiently
positive to make the 
sufficient current flow in the
base-emitter junction.

Most electrons injects by the
emitter are collected by the 
collector, the fraction are
defined as α. (& LL α−=
(-ve sign because the actual iE is going the opposite direction) ��

((&6 �� 6SULQJ ���� /HFWXUH �� &� 7� &KRL

�QSQ WUDQVLVWRU ELDVHG LQ DFWLYH PRGH�

The circuit showing a appropriate
polarity for active mode operation.
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(when transistors are in active mode)
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In active mode, base-emitter junction acts like a 
forward biased pn junction

IES is a constant determined by the design of the transistor.
-1 is dropped because at active mode, exp(qV/kT) >>1.

Any small change in VBE can lead to large change in iE and
iC. (e.g. For active mode, VBE is changed by 0.018V, iE is doubled.
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%LDV SRODULWLHV IRU WUDQVLVWRUV RSHUDWLQJ LQ DFWLYH PRGHV

3DUDPHWHUV QSQ SQS
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(polarity)
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*UDSKLFDO &KDUDFWHULVWLFV

� &RPPRQ HPLWWHU FRQQHFWLRQ

�WKH HPLWWHU LV FRPPRQ RU FRQQHFWHG

WR ERWK WKH LQSXW DQG WKH RXWSXW

SRUWV�

Input characteristic of a npn silicon 
transistor in common emitter 
configuration.

Output characteristic of a npn transistor
in the common emitter configuration. ��
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$FWLYH� 6DWXUDWLRQ� &XWRII UHJLRQV

Active region:  VCE>0.7V, iC is independent of VCE
Cutoff region:  iB = 0, iC is small.
Saturation region:  Typically when VCE is less than 0.7V.
Low value of VCE means that the collector base
junction has lost its reverse bias -- the collector lost its
ability to collect electrons, iC becomes less than βiB.
(undesirable in amplifier, but useful in digital circuits)
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6DWXUDWLRQ UHJLRQ

• How saturation comes?
• Applies Ohm’s law to the ckt as shown:
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In active mode, iC = βiB

&%&&&(
5LYY β−=

As we increase iB, VCE decreases, eventually approach 0.7V.
Collector junction lost its reverse bias and the transistor enter
saturation mode. Any increase in iB does not result in proportional
increase in iC (iC ≠ βiB). VCE decreases to a minimum value of 
approximately 0.2V.  

In Saturation mode: (1) iB > iC/β    (2) VCE = VCE(Sat) ≈ 0.2V
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Example
Find the collector current of the transistor for the following 3 values of i1: 0, 5, 
and 20µA, Assume the transistor is a “typical” transistor who’s characteristic 
is given in Figure 13.29, 13.30.

Use graphical load-line method. Assume a imaginary break is made in the
circuit as shown in the right.
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�From KVL:

Solutions: 
VC=5V, i1=0µA, iC=0mA (cutoff)
VC=2.5V, i1=5µA,iC=iR, iC=0.5mA
(active region)
VC=0.25V=VCE, i1=20µA, iC=0.95mA
(Saturation region)
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'LJLWDO &LUFXLWV�7UDQVLVWRU 6ZLWFKHV

Mode of transistor switch.
The position of the switch
is determined by whether
Vin is “low” or “high”.

For a inverter circuit, 

 a “low” Vin will disconnect
the switch.  (Vout=Vcc)

Assume high range is 4-5V. 
Low range is 0-0.5V. VCC=5V
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Bipolar transistor inverter

Assume high range is 4-5V. 
Low range is 0-0.5V. VCC=5V
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Assume RB=1kΩ, with VIN = low, results in 
an operating point where the load line meet 
the characteristic corresponding to iB=0.
(transistor in cutoff) 

When VIN = high, the base-emitter junction 
is forward biased. 

Assume iB = 1mA, average high voltage
is 4.5V ⇒ RB=3.8kΩ
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When Vin is low (Vin < 0.5V)
VCE = High (5V, transistor in cutoff )

When Vin is high ( 4< Vin < 5V)
VCE = low (0.2V, transistor in saturation )

Notice VCE is independent of iB.

 Whether iB equals 150µA or 1mA 
still gives approximately VCE = 0.2V)

When the input to the inverter in “high”, it is important that the 
base current be large enough to drive the transistor to saturation.

For saturation, iB > iC/β, 
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(Continue)
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VCE = VCE (SAT)
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Multiple Stages Digital Circuits (loaded circuit)

Until now, we have been ignoring the current coming from the next stage.
(no load effect until now)

In the circuit above, when Vout is “low”, iout will normally be positive. Since
 iout is not zero, we need to take it into account in our load calculation. By
KCL: 
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∴Larger iB must be supplied when load currents are expected.
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NAND DTL circuit

To simplify the analysis, we will approx. the voltage of a forward biased pn 
junction to be 0.7V.

Since we don’t know which diode is forward bias/reverse bias, let’s start by 
guessing the result, then check for consistency.

Let vA and vB = 0V, DA and DB are forward biased⇒ Vx=0.7V

x
iB

Since it takes Vx to be 2.1V to turns on D1, D2, and T1 ⇒
D1, D2, and T1 are cutoff ⇒ iB=0. ⇒Voutput=VCC=5V.
DA, DB on, D1, D2, and T1 off, consistency check out ok.
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'7/ 1$1' JDWH VXPPDU\

Output corresponding to the various inputs for the
DTL NAND gate.

NAND
truth table
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77/ �7UDQVLVWRU 7UDQVLVWRU /RJLF &LUFXLWV�

2 inputs connect
to high, 1 input to
low.
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77/ 1$1' JDWH �GLIIHUHQW FDVHV�

Case 1: one or more input are “low”, output is high.

E1 is connected to low,
E2 and E3 are connected
to high.

Since E1 is connected to low
T1 is on, Vx = 0.7V, 
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Notice that iC1 is flowing into T1 and flowing from the base of T2. This
means T2 (npn) is reverse biased. Since reverse bias  current are small,
iB1 >> iC1/β ⇒  T1 is saturated ⇒ VCE1=VCE(SAT)≅ 0.2V. ⇒VY ≅ 0.2V
(T2 and T3 are performing the same function as D1, D2, T1 in DTL)
VY is smaller than 1.4V, the required voltage to activate T2 and T3 ⇒
T2 and T3 are turn off ⇒ VF = VCC. 

∴one or more input are “low”, output is high.
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77/ 1$1' JDWH �GLIIHUHQW FDVHV FRQWLQXH�

Case 2: All inputs are “high”, output is low.

E1, E2 and E3 are connected
to high.

If T1 were forward biased, 
Vx = 0.7V+VCC But Vx can not 
be higher than VCC.
There is current flowing from 
VCC thru R1 into the base of T1(reverse biased)
into the base of T2 and T3.
VX=2.1V, VY=1.4V, T3 is saturated (because
the emitter of T2 is driving the base of T3) ⇒ Vout = low.
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6XPPDU\

� )XQGDPHQWDO FLUFXLW RI GLJLWDO ORJLF LV WKH WUDQVLVWRU VZLWFK� RU LQYHUWHU�

� 6DWXUDWLQJ ELSRODU WUDQVLVWRU VZLWFKHV DUH XVHG LQ GLRGH�WUDQVLVWRU ORJLF

�'7/� DQG WUDQVLVWRU�WUDQVLVWRU ORJLF �77/�� 7KH WUDQVLVWRU DFWV DV D

VZLWFK WKDW FRQQHFWV RU GLVFRQQHFW WKH FROOHFWRU DQG WKH HPLWWHU� 7KH

VZLWFK LV FORVHG ZKHQ VXIILFLHQW EDVH FXUUHQW LV DSSOLHG WR VDWXUDWH WKH

WUDQVLVWRU�

� 6XIILFLHQW EDVH FXUUHQW PXVW EH DSSOLHG WR %-7 LQYHUWHUV WR JXDUDQWHH

VDWXUDWLRQ XQGHU DOO ORDG FRQGLWLRQV�

� /RJLF IDPLO\ LQ GLIIHUHQW IRUPV NQRZQ DV ORJLF IDPLOLHV�

� %ORFNV LQ WKH VDPH IDPLO\ DUH FRPSDWLEOH DQG FDQ EH LQWHUFRQQHFWHG�

� 7KH 77/ IDPLO\ DQG &026�%L&026 IDPLO\ DUH WKH IUHTXHQW

XVHG ORJLF IDPLOLHV�


