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{a) Design an NMOS logic circuit with depietion load to periorm this function. Signals
A, B, and C are available. (b) Assume (F /L), =1, Vpp =3V, Ve = -5V, and
Veup = 0.8Y. Determine the W /L ratio of the other transisters such that the maximum
logic O value in any part of the circuit is 0.2 V.

D16.27 Design an NMOS logic circuit with a depletion load that wili sound an alarm
in an automobile if the ignition is turned off while the headlights are still on andfor the
parking brake has not been set. Separate indicator lights are also to be included showing
whether the headlights are on or the parking brake needs to be sel, State any assnmp-
tions that are made.

Section16.3 CMOSinverter

18.28 Counsider the CMOS inverter in Figure 1634, Let Kp = K,, Vpy =+08Y,
Vrp = =03V, and Vpp = $V. () Find the transition points for the pchanne! and n-
channel fransistors. (b} Sketch the voliage transfer characteristic, including the appro-
priate voltage values at the transition points. {c) Find vo for v, = 2V and for iy =3V,

16.28 For the CMOS inverter in Figure 1634, lat Fry = +04V, Frp =04V,
k, =80pa/ V2, k; =40pA/V?, and Vpp=3.3V. (a) Let (W/L),=2 and (W/L), =
4_{i) Find the transition points for the p-channef and n-channel transistors. (ii) Sketch
the voltage transfer characteristics including the appropriate voltage values at the
trapsition points. (i) Find v; when v =04V and when vy =29V, (b) For
(W/L), = (W/L), = 2, repeat part (a).

16,30 Coasider the CMOS inverter pair in Figure PE6.30. Let Fyy =08V, Frp=
—-0.8V, and K, = K,. (a) If vy = 0.6V, determine v, and v¢y. (b) Determine the range
of ¥z for which both N; and P, are biased in the saturation region.
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Figure P16.30 Figure P16.31

16.31 Consider the seties of CMOS inverters in Figute P16.31. The threshold voltages
of the n-channel transistors are Fpy =08V, and the threshold voltages of the p-
channel transistors are Vyp =—08V. The conduction parameters are all equal.
{a} Determine the range of vy; lor which both N and Py are biased in the saturation
region. {b) If vy, = 0.6V, determine 1he values of vgy. Vo, and v

16.32 For the CMOS inverter in Figure 16.34, (a} <alcuiaie and plot the current
through the transisiors as a function of the input voltage for 0 <y < 5V. Assume
K. =K, =0.lmA/V}, Vry =08V, Vpp =08V, and Vpp =35V. (b} Repeat part
(a) fol’ VDQ' =15V,
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18.33 The transistor parameiers in the CMOS inverter are: &, = S0 pA/V?, k=
25pASV:, Vi =08V, and Vrp = —0.8V. (a) For (W/L), = 2 and (W/L), = 4, deter-
mine the peak current in the inverter during a switching cycle for Fpp = 5'V. (b) Repeat
part {a) for (W/L), =(W/L), =2

16.34 A load capacitor of 0.2pF is connected to the output of a CMOS inverter.
Determine the power dissipated in the CMOS inverter for a swiiching frequency of
10 MHz, for inverter paramelers described in (a) Problem 16.32 and (b) Probiem 1633,

16.358 A CMOS digital logic circuit contains the equivalent of 2 million CMOS inver-
ters and is biased at Fpp = 5. (a) The equivalent load capacitance of each inverter is
0.4pF and each inverter is switching at | 50 MHz. Determire the total averags power
dissipated in the circuit. (b) If the switching frequency is doubled, but the tolal power
dissipated is to remain the same and the load capacitance remains constant, determine
the required bias voltage.

16.36 Consider a CMOS inverter. (2) Show that when v; & Fpp, the resistance of the
NMOS device is approximately 1k W /L) {Vpp — Fry)], and when v, 2 0, the resis-
tance of the PMOS device is approximately /(& (% /L),{¥pp + V1p)] (b) Using the
results of part {2), determine the maximum current that the NMOS device can sink such
that the output voltage siays below 0.5V, and determine the maximum current that the
PMOS device can source such that the cotput voliage does not drop more than 0.5V
below Fpp.

16.37 Consider the CMOS inverter in Figure 16.34. Lat K, = K, Vgy = +1.3V,
Vip = —1.5V, and Vpp = 10V, Determine the two values of v; and the corresponding
values of vy for which (dvp/dv;} = —1 on the voliage transfer charactenstics. What are
the noise margins?

156.38 Repeat Problem 16.37 if the CMOS inverier transistor parameters are: Fry =
+15V, Vrp= ~13V, K, = 100pA/V?, and K, = S0pA/VE, Let ¥Fpp = 10V,

Sectlon16.4 CMOS Logic Circuits

16,39 Consider the three-input CMOS NAND circuit in Figure P16.39. Assume &, =
lic; and Vyy = |Frp! = 0.8 V. (@) If vy = v5 =5V, determine vc such that both ¥, and

Vpp=5V
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Py are biased in the saiuration region when (W /L), = (W [L),. (State any assumptions
you make} (b) If vy = vy = vo = v, delermine the relationship between {W/L), and
(W/L), such that v, = 2.5V when all transistors are biased in the saturation region.
{c} Using the results of pari (b} and assuming v, = vg = §V, determine v~ such that
both N and P; are biased in the saturation region. (State any assumptions you make.)

16.40 Consider the cirevit in Figure P16.40. (a) The inputs vy, vy, and v histed in the
following table are either a logic 0 or a logic 1. Thess inputs are the outputs from
similar-type CMOS logic circuits. The input logic conditions listed are sequential in
time. State whether the transistors listed are “on™ or “'off,” and determine the output
voltage. (b} What logic function does this circuit implement?

Yy ¥y L5 N 1 N; N3 ~4 Ng Pa

i

Figure P16.40

D16.41 {a) Given inputs A, B, and C, design a CMOS circuit to implement the logic
function Y = 4BC+ 4BC. (b) Fork, = 2k‘; and assuming a minimum width-to-length
ratio of unity, size the transistors in the design to provide equal composite conduction
parameters.

D46.42 (a) Given inputs 4, 8, C, and D, design a CMOS circuit to implement the logic
function ¥ = {4 + B} + D. (b) Repeat part (b} of Problem 16.41 for this circuit.

16.43 Determine the logic function implemented by the circuit in Figure P16.43.

D16.44 Consider a five-input CMOS NAND logic gate. Assume that &, = 2k, and
assume that the minimum width-to-length ratio of any single transistor is unity. Design
the width-to-length ratio of ¢ach transistor such that the composite conduction
parameters of the NMOS and PMOS portions of the cirenit ape equal and such that
the compesite conduction parameters are equal to these of a CMOS inverter in
which {(W/L), = 1 and (W/L), =2.
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‘D16.45 (a) Consider a six-input CMOS NOR logic gaie whose output is connected to
a CMOS inverter, so the output is an OR logic function. Repeat Problem 16.44 for this
circuit. {b} Redesign the cireuit such that three mputs are connected to one three-inpul
CMOS NOR gate, the other three inputs are connecled 10 another three-input CMOS
NOR gate, and the outpuls of the NOR galés are connetted to a bwo-mput CMOS
NAND gate. The output of the NAND gate is still the OR function of the six inpuss.
Design these logic circuits using the specifications of Problem 16.44. Compare the size of
iransistors in this design compared 1o that of part (a). What can be said about the
expected propagation delay times of the two circuits?

Section16.5 Clocked CMOS Logic Circults

16.46 (a) Figure P16.46 shows a clocked CMOS logic circuit. Make a table showing
the state of each transistor (“on™ or “off ™), and determine the output voltages vy, and
vaa for the input logic states listed in the following table. Assume the input conditions
ate sequential in time from state | to state 6. {b) What logic functien does the circuit
implement?

State CLK L] g ¥
[ il 0 0 a
) 1 ! 0 1]
3 5 0 0 0
3 1 0 0 1
5 0 ] 0 0
[ i i} i !

1647 (2) For the circuit in Figure P16.47, make a table showing the state of each
transistor (*on” or *off ), and determine the outpul voitages vg|, vo;. and vy for the
input logic states listed in the following table. Assume the input conditions are sequen-
tial in time from state | to state 6. (b) What logic function does the circuit implement?
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D848 Sketch a clocked CMOS domino logic circuil that realizes the function
Y =A48C+ ABC.

D16.4% Sketch a clocked CMOS domino logic circuit that realizes the function
Y={A+HC+D.
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18.50 Consider the CMOS clocked circuit in Figure 16.52(b). Assume the effective
| o capacitance at the vy terminal 15 256F. If the leakage current through the My, and
; ; : My transistors is 1| xage = 2 pA when these transistors and Mp are cutofl, determine
the time for which vy, will decay by 0.5V,

Sectlon16.6 Transmission Gales

18.5t The parameters of an NMOS {ransmission gate are Fry =08V, K, =
0.5mA/V’. and C; = | pF. (a) For a gate voltage of ¢ = 5V, determine the quasi-
steady-state output vohage for (i} v; =0, (i) v; = 5V, and (iii) v; = 2.3 V. (b) Repeat
part (a) for a gate voltage of ¢ =4V,

D16.52 For the circuit in Figure P16.52, the input voltage vy is cither 0.1 Ver 5V, Let
¢ = 5V, The threshold voltages are Fry = =1.5V for M, and ¥y = 0.8V forall other
tramsistors, The width-to-length ratios are { for M and M, and 10 for M, and My,
(2) What are the logic | valuss of v and v;~7 (b) Design the width-lo-length ratios of
M, and M, such that the logic 0 values of vy and vy, are 0.1V,

i

M, ;
T L )
Figura P16.52 Figure P16.53

16.53 What is the Jogic function implemented by the circuit shown in Figure P16.537
Assume that all inputs are cither 0 or 5V,

16.54 Consider the circuit in Figure P16.54. What logic function is implemented by
this circuit? Are there any potential problems with this circuit?

16.55 What is the logic function implemented by the circait in Figure P16.55?

16.58 Consider the circuit in Fipure P16.56. Signals ¢, and ¢, are nonoverlapping
clock signals. Describe the operation of the circuit and the logic function implemented.
Discuss any possible relationship between the width-to-length ratios of the load and
dniver transistors for “proper’” circuil operation.

16.57 The circuit in Figure P'16.57 is a form of clocked shilt register. Signals ¢, and ¢
are nonoverlapping clock signals. Describe the operation of the circuit, Discuss any
possible relationship between the width-to-length ratios of the load and driver transis-
tors for “proper” circuit operation.
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Section16.7  Sequential Logle Circuits

16.58 Consider the NMOS R-5 flip-flop in Figure 16.7] biased at Fpy =5V, The
threshold voltages are |V {enhancement-mode devices) and -2V (depletion-mode
devices). The conduction parameters are K; = K, = 30pA/VE, Ky = Ky = 100 pA/V2,
and K, = K, =200pA/V* Il 0= logic 0 and ¢ = logic 1 initially, determine the
voltage at S that will cause the Hip-flop to change states.

1659 A CMOS R-S flip-flop is shown in Figure P16.59. Assume Fpp =5V, [Fpy| =
Wepl= IV, K =K; =Ky =K, =K, and K =K,. I ¢ = logic | and @ = logic 0
mitially, determine the relationship bstween & and K such that the flip-flop changes
state when R =25V,

018,60 The CMOS R-S flip-flop in Figure P15.59 is not a fully complementary CMOS
design. Design a fully complementary CMOS clocked R-S flip-fiop. [Note: the design
contains 12 transistors.)

Voo

o V2

M, ’——-o Yy

[
= = e &

Figure P16.59

D16.61 The circuit in Figure P16.61 is an example of a D flip-flop. (a) Explain 1he
operation of the circuit. Is this a positive- ot negative-edge-triggered fip-flop?
{b) Redesign the ciccuit to make this a static flip-flop.

Yop
|—IHM2 iM
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Figure P16.61

46.52 Show that the circuit in Figure P16.62 is 2 J-K flip-flop.

16.83 Reconsider the circuit shown in Figure P16.40. Show that this circuit is a J-K
flip-flop with J = vy, K = vy, and CLK = vz
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Section16.8 Memories: Claggilications and Architeciures

16.84 A 64-K memory is organized in a square array and uses the NMOS NOR
decoder in Figure 16.81¢b) for the row- and column decoders. (a) How many inputs
does each decoder require? (b) What input to the row decoder is required to address
rows {i) 94 and {ii) 239? (c} What input to the column decoder is required to address
columns (i) 39 and (i) 1237

D1885 A [024-bit RAM consists of 128 words of 8 bits each. Design the memory
array to minimize the number of row and column address decoder transistors required.
How many row and column address lines are necessary?

16.88 Assume that an NMOS address decoder can sonrce 250pA when the output
goes high. If the effective capacitance of each memory cell is Cp = 0.8pF and the
elfective capacitance of the address line is Cp, = 5pF. detzrmine the tise time of the
addzess line voltage if ¥y = 2.TV.

Section16.9 RAM Memoty Cells

D18.87 Consider the NMOS RAM cell with resistor load in Figure 16.82(b). Assume
parameter values of k= 35 yA/VZ, Wiy =07V, Vpp =5V, and R = | M. (8} Design
the width-to-length ratios such that vpe = 0.1V for the on transistor. (b) Consider a
16-K memory with the cell described in part {a). Determine the standby current and
power of the memory lor a standby voltage of Vyp = 2V.

Di6.88 A 16-K NMOS RAM, with the cell design shown in Figure 16.82(b), is to
dissipate no more than 200mW in standby when biased at Fpp =2.5V. Design the
widih-to-length ratios of the transistors and the resistance value. Assume Fry =07V
and k, = 35pA/Ve,

*16.89 Consider the CMOS RAM cell and data lines in Figure 16,84 biased at

Fpp =3V. Assume iransistor parameiers k, =40|.LA,¢’V1, k;, =W0pANV:, Vix=
08V, Vpp =—08Y, W/L =2 (My;ond Myy), W/L=4{(Mp and Mp), and W/L=
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1 (a)l other transistors). If Q = Dand { = 1, determine the voliages at D and D a short
time after the row has been addressed. Neglect the body effect.

*16.20 Consider the CMOS RAM cell and data lines in Figure 16.84 with circuit and
iransistor parameters described in Problem 16.69. Assume initially that 0 =0 and
0 =1. Assume the Tow is selected with X =5V and assume the data lines, through a
write cycle, are at D = 0 and D = 4.2 V. Determine the voliages at ¢ and  a short time
after the write cycle voltages are applied.

*18.71 Consider a general sense amplifier configuration shown in Figure 16.90 for a
dynamic RAM. Assume that ¢ach bit line has a capacitance of [ pF and is precharged (o
4V, The storage capacitance is (.05 pF, the reference capacitance is 0.025 pF, and each
are charged to 3V for a Jogic 1 and to 0V for a logic 0. The M; and M, gate voltages
are 5V when each cell is addressed and the transistor threshold voltages are 0.5V,
Determine the bit line voliages v, and v, after the cells are addressed for the case
when (a} a logic 1 is stored and (b) a logic 0 is stored,

Section 16.10  Read-Only Memory

D16.72 Design a 4-word x 4-bit NMOS mask-programmed ROM te produce outputs
of 1011, 1111, 0110, and 100! when rows 1, 2, 3, and 4, respectively, are addressed.

D16.73 Design an NMOS 16 x 4 mask-programmed ROM that provides the 4-bit
product of two 2-bit variables.

D16.74 Design an NMOS mask-programmed ROM that decodes 2 binaty input and
produces the output for a seven-segment array. (See Figure 2.40, Chapter 2.) The output
is to be high when a particular LED is to be turned on,

COMPUTER SIMULATION PROBLEMS

18.75 The three types of NMOS inverters are shown in Figores 16.5(a), 16.8(a), and
16.10{a). Using PSpice, investigate the voltage transfer characteristics and the current
versus input voltage characietistics for the three types of inverters as a function of
various width-to-length ratios and as a function of the body effect.

18.76 Again consider the three-types of NMOS inverters. Investigate the propagation
delay times and switching characteristics of the three types of inverters using PSpice.
Consider a series of inverters as shown in Figure 16.19. Include appropriate transistor
capacitance valuss and assume effective Cr load capacitor values of 0.2 pF. Determine
the propagation delay times with and without the body effect. Consider various tran-
sistor width-to-length ratios.

16.77 Consider a three-input CMOS NAND logic circuit similar to the two-input
circuit shown in Figure 16.45(a). Using PSpice, investigate the voltage transfer char-
acteristics and the current versus input voltage characteristics for various transistor
width-to-length ratios and various input conditions similar to the results in Figure
16.46 for the CMOS NOR circuit.

16.78 Investigate the propagation delay times and switching characteristics of the
CMOS inverter using PSpice. Set up a series of CMOS inverters similat to the series
of inverters shown in Figure 16.19. Include appropriate transistor capacitance values
and assume effective Cy load capacitor values of 0.2pF. Determine the propagation
delay times as a function of various transistor width-to-length ratios.
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18,79 Consider the dynamic shift register shown in Figure 16.68. Assume appropriate
iransistor and load capacitance values. Using PSpice, investigate the transient effects in
voltages ¥py. ¥or. Yo3, 40d voy after the clock signals go to zero.

b me

DESIGN PROBLEMS

‘D16.80 Design an NMOS logic circuit that will implement the logic function
Y=(4+(8-Cp-D.

*016.81 Design clocked CMOS logic circuits that will implement the logic functions:
(@) Y={d+(8-C)), and (b) ¥ = [(4 + B} -(C + D)). If the smallest width-to-length
ratio is 2, determine the appropriate width-to-length ratios of each transistor in your
design.

*016.82 Design an NMOS pass logic network that implements the Yogic functions
described in Problem 16.81.

*‘D16.83 Design a clocked CMOS R-5 flip-Aop such that the ovtpul becomes valid on
the negative-going edge of a clock signal.

*D16.894 Design a clocked CMOS dynamic shift register in which the output becomes
valid on the positive-going edge of a clock signal.

A
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Bipolar Digital Circuits

17.0 PREVIEW

In the previcus chapter, we presented the basic concepts of MOSFET logic
circuits. In this chapter, we discuss the basic principles of bipolar logic circuils.
Priot 1o the emergence of the MOS digital technology, the bipolar digital
family of transistor-transistor logic circuits was used extensively. Bipolar digi-
tal circuits are now used less ftequently because of their relatively large power
requirements.

Our study of bipolar digital circuits begins with emitter<coupled logic
(ECL). This is the [astest bipolar technology and is used in specialized applica-
tions where high speed is required. One price to pay for high speed is a rela-
tively low noise margin. The basts of ECL is 2 differential amplifier that is
operated in the nonlinear region.

A bipolar technology that has 2 higher noise margin is transistor-{ransistor
logic (TTL). Transistors in this technology are driven between cutoff and
saturation, The storage time related o fransistors driven into saturation
slows the switching speed of TTL compared to that of ECL. Higher speed in
TTL is achieved in Schottky TTL circuits. The basic principle of the Schottky
transistor is discussed and the transistor is then applied to digital circuits. Low-
power Schottky TTL makes a trade-off between speed and power.

The BICMOS inverter and BICMOS digital logic circuit are considered.
These circuits take advantage of the low-power properties of CMOS and the
high-current drive capability of bipolar transistors.

17.1  EMITTER-COUPLED LOGIC (ECL)

The emitter-coupled logic (ECL} circuit is based on the differential amplifier
circuit, which we studied in Chapter 11 in the context of linear amplifiers. [n
digital applications, the diff-amp is driven into its nonlinear region. The tran-
sistors are either cut off or in the active region. Saturation is avoided in ordet
to minimize switching times and propagation delay times. ECL circuits have
the shortest propagation delay times of any bipolar digital technology.

13
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17.1.1  Difterential Amplifier Circuit Revisited

Consider the basic diff-amp circuit in Figure 17.1. For a lincar diff-amp, the
input voltages are small and both transistors remain biased in the active region
at all times. The relationship between coliector currents and base—emitter
voltages for @, and O, can be written'

i = Ige's 77 (17.1(3))
and

icr = Fee'l : (17.1(b))

Figure 17,1 Basic differential ampifier circuit

where 0, and (}; are assumed 1o be matched and parameter /5 is the same for
both devices. The current—voltage transfer curves are shown in Figure 17.2.

In digital applications, the input voltages ave large, which means that one
transistor remains biased im its active region while the opposite transistor is cut
off. For example, if vggy = vgey + 0.12. then the ratio of iy and icy 8

i e"sfu”"#

.4 P e =€{"3£|"'"£.53).1'Vr — eﬂ.lz;‘ﬂﬂlﬁ e ]Gl (17‘2)
ey et

-045 -0 005 o 0.05 010 0.1%
Pa=VREI— II'BEI(\FDII-S:I

Figure17.2 Momnalized dc transfer characteristics, BJT differential amplifier

'in most cases in this chapter, total instantaneous current and voltage parameters are used, even
though most analyscs of logic circwits involve de calculations.
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When the base—emiller voltage of Oy 18 120mV greater than the base—emitter
voliage of (5, the collector current of @) is 100 times that of @5; for all
practical purposes, (; is on and {5 is cut off.

Conversely, il vy is less than v, by at least 120 mV, then @, is effectively cut
off and Q; is on. The difference amplifier, when operating as a digital circuit,
operates as a current switch. When v; > v; by at least 120mV, it switches an
approximately constant current through R; to ;; when v; > v, by at least
120 mV, the current goes to ().

115

Example 171 Objectiva: Calculate the currents and voitages in the basic differ-
ential amplificr circuit used as a digital circuit.

Consider the circuit i Figure 17.1. Assume that V¥ =-¥F =5V, Ry =
Ry =R = 1kQ, Reg=2.15k82, and v; = 0. In the dc analysis, assume that dc base
currents are negligible,

Solutien: For v, = 0. both iransistors are on. Assuming a base-emitter turn-on
voltage of .7V, then vg = —0.7V and

=V 07 =(=5) .
— = — 5.0 A
LA 715 n

Assuming ¢, and &; are matched, we have iy = Iy = g/2 since vgp = vppr and
ity =i =i = | mA. In this case,

vor =¥p = Vee ~igRe =3 - (L) = 4¥

Both @, and {2, are now biased in the active region.

Now let v, = —1V. Since the base voltage of | 1s less than the base voltage of {;
by more than 120mV, @, is cut off and &, is on. In this case. vg = v; — Vprlon) =
-07V and iy = 2mA, as before. However, i) = 0 and ip; = ff = 2mA, so that

vor = Ve =3V
and
vor = Voo — f(‘ZRC = § = (2](])—_'- KRY

For w=+IV, Q) is on and (; is cut off. For this case, v = v — Vaglon) =
1 = 0.7 = +0.3V, the current ig 15

ve-F"  0.3—(=5)
- =247mA
Rz ST el

ip =d¢c) =

and
iy = F{'C = '-ICIRC' =5- (247](1) =253V
and
vor = Vee =3V
Comment: For the three conditions given, transistors ¢ and O are biased ¢ither in

cutoff of in the active region. In terms of digital applications, output ve; is in phase with
input v, and output vp, is 180 degrees out of phase.
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When biased on, transisior @, conducts slightly more heavily than ¢,
when it is conducting. To obain symmetrical complementary outputs, R
should therefore be shightly smaller than R

Test Your Understanding

D17.1 Consider the differential zmplifier citcuit in Figure 17.1 biased at % = 5V,
V- =3V, and v» = 0 Assume Vgg{on) = 0.7 V and neglecl base currents. (a} Design
the circuit such that iz = | mA and vy = vgz = 3.5V when v, = 0. (b) Using the results
of part (a), calculate iz, vg,, and vy for: (i} vy = +1V, and (i) vy = -1 V. (Ans.
{2) Rr =43k Ro =R~ =3k (b) (i) ir=1.23mA, vy = LIV, vgr =3V
(i) vge =2V, vy =5V

17.1.2 Basic ECL Logic Gate

A basic two-input ECL OR/NOR logic circuit is shown in Figure 17.3. The two
input transistors, @, and (,, are connected in parallel. On the basis of the
differential amplifier, if both vy and vy are less than the reference voltage Vy
(by at Jeast [20mV). then both @, and > are cut off, while the reference
transistor (I is biased on its active region. In this situation, the output voltage
Vg is greater than vgy. If gither vy or vy becomes greater than Vg, then Qg
turns off and vo; becomes larger than vy The OR logic is at the vy output
and the NOR logic is al the vy, ouipul. An advantage of ECL gates is the
availability of complementary outputs, precluding the need for separate inver-
ters (o provide the complementary outputs.

One problem with the OR/NOR circuit in Figure 17.3 is that the output
voltage levels differ from the required input voltage levels: the output voltages
are not compatible with the input voltages. The mismatch arises because ECL

Figure 17.3 Basic two-input ECL ORMNOR jogic circuit
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circull 1ransistors operate between their cutoff and active regions, requiring
that the base—collector junctions be reverse biased at all times. We see that a
logic 1 voltage of the output is Vg4 = V™. If this voltage were to be applied to
either the vy or vy input, then either Q) or @5 would turn on and the collector
voltage vo, would decrease below ¥™; the base—collector voltage would then
become forward biased and the transistor would go into satvration. Emitter-
follower circuits are added to provide outputs that are compatible with the
inputs of similar gates.

Ly

Test Your Understanding

D17.2 For the ECL logic gate in Figure 173, the bias voltages are; ¥* = 3.5V,
- =33V, and Vg =135V. Assume Vgiion) =07V and neglect base currents.
(a) Determine R and R such that ip = 2mA and v, =2V when v, = v, = logic
0. {b) Find Ry, such that vy, =2V when v, = v. =2V, What is /g7 {Ans.

{a) Rg = 25K Ry = 0.75kQ2 (b) ip = 223 mA, Ry = 0673k

ECL Logic Gate with Emitter Followers

[n the ECL circuit in Figure 17.4, emitter followers are added to the OR/NOR
oulputs, and supply voltage ¥ is sel equal to zero. The ground and power
supply voliages are reversed because analyses show that using the collector-
emifler voltage as the outpul results in less noise sensitivity. IF the forward
current gain of the transistors is on the order of 100, then the dc base currents
muy be neglected with hittle error in the calculations.

g
e

I‘th 4

—C “NOR

VN L H—O Vi

o
LELTON L

—VEE =51V

Figure17.4  Two-inpul ECL. ORMNOR ogic gate with amitter-follower ouput stepes
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If either vy or vy is a logic 1 (defined as greater than Vg by at least 120
mV), then the reference transistor Qg is cut off, iz = 0, and vy = 0. Output
transistor (% is biased in the active region, and vop = vor — Veglon) = —0.7Y.
[f both vy and v, are a logic 0 {defined as less than Fg by at least [20mV), then
both @, and @, are cut off, vo, =0, and vyor =0 — Vgglon) = 0.7V, The
largest possible voltage that can be achieved at cither output 15 —0.7 V: there-
fore, —~0.7V is defined as the logic 1 level.

In the following example, we will determine the currents and the logic ¢
values in the basic ECL gate.

i —— Example 17.2 Objective: Calculaic current, resister, and logic O values in the
t basic ECL logic gate.

E Consider the circuit in Figare 17.4, Detetmine R and R such thal when Q. Qs
: 4 24 and then O are conducting, the B-C voltages are zero.

Solutton: Let vy = vy = =07V =logic | > Fp such that @, and Q> are on. We find
that

r =¥y — V“-{un) ==07-07=-14¥

and the current is

=V 1452
ig = feon = L P I.118 ) _322ma
In ocder for the B-C vallages of ¢, and {; to be zero. voliage vy must be -0.7V,
Therefore
R = ‘01=?.’ =0.117k2

Cry
The NOR output logic 0 vitlue is then
FNOR = Yo — lJBE{DI'I] == —-07=-1L4Y

input voliages vy and vy are greater than Vg in alogic | state and less than Fgina
logic 0 state. Il ¥g is set at the midpoint between the logic 0 and logic | levels, then

ngi?;]—m 505V

When (% is on, we have
Vg = VR - VBE{'DI'E] = —L05—-07 = ~.75V
and

vV LIS -{=50)
A P T

=292mA

For vy = —0.7V, we find that

= —— = 0.240kQ2
92

The OR logic 0 value is therefore
Yor = Vo3 — Vaglon) = —0.7 - 07 = —L.40V
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Comment: For symmetrical complementary outputs, R,-, and R~ are npot equal. IT
R and Ry become larger than the designed values, teansistors @, Q3. and Qg will be
driven into saturation when they are conducting.

19

Test Your Linderstanding

D17.3 Redesign the ECL circuit in Figure 17.4 such that 1he logic D values at the vop
and vygr lerminals are —§.5Y. The maximum value of /¢ is o be 2.5 mA, and the
maximum values of iy and iy are to be 2.5mA. The bias voltages are as shown.
Determune all resistor values and the value of V. (Ans. Rp = L52kQ Re) = 3209,
Fe =11V, R =337, Ri= Ry = 1 8k2)

17.4  Usng the results of Example 7.2, calculate the power dissipated in the circuit
in Figure |74; Tor: (3) », = v, =logic |, and (b) v, = v, = logic 0. (Ans. (a) P =
45.5mW (b) P = 439mW)

The Reference Circuit

Another circuit is regured to provide the reference voltage Fg. Consider the
complete two-input ECL OR/NOR logic circuit shown in Figure 17.5. The
reference circuit consists of resistors R,, R,, and Rs diodes D| and D, and
transistor ;. The reference portion of the circuit can be speafically designed
to provide the desired reference volta«

R =
oy 1
o I 20752

. ¥o==52V
Ihiference | Reference A.L__‘ Level v—-|
: voltage shifiers

amplifier circul

Figure 17.5 Basic ECL logic gate with reference circuit
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Design Example 17.3 Objective: Design the reference postion of the ECL
circuit.

Consider the circuit in Figure $7.5. The reference voltage V', is to be —1 .05V,

Solulon: We know 1hal
VEs = VR + V’QE(CF!'I] ==].054+07=-035V = —I]R;

Since there are 1wo unknowns, we will chogse one variable. Let Ry = ©.25k%2. Then.

5
h = ﬁ = .40 mA

Since this current is on the same order of magnitude as other currents in the cirguit, the
chosen value of R is reasonable. Neglecting base currents, we ¢an now write

o, =2V, = FT
| =h =—a
R+ R,
where ¥, is the diode turn-on voltage and is assumed to be ¥, = 0.7V. We then have

-1.d4-1=-52)
RI -F'R:

.40 =

which yields
R+ R, =171kQ

Since R, = 025k, resistance Ry is B2 = 246k
Also, we know that
, Ve~ F
L

If we let iy = &) = i: = 1,40 mA, then

CVa—FT 15— (=52)

= = 2.96kQ
Rs 7 = 19k

Comment: As with any design, there is no unique solution. The design presented will
provide the required reference voltage to the base of Q.

17.1.3  ECL Logic Circuit Characteristics

In this section, we will determine the power dissipation, fanout, and propaga-
tion delay times for the ECL logic gate. We will also examine the advantage of
using a negative power supply.

Power Dissipation
Power dissipation is an important characteristic of a logic circuit. The power
dissipated in the basic ECL logic gate in Figure 17.5 is given by

Pp=(oy Hieg+His+i +i+ig0-V7) 7.3
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Example 17.4 Objective: Calculate the power dissipated in the FCL logic circuit.
Consider the circuit in Figure 17.5. Let vy = vy = —0.7V = logic 1.

Solutlon: From our previous analysis, we have i, = 322mA, icg = 0, i = | 40mA,
and fj = .40mA. and the cutput voltages are vpgp = —0.7V and ryop = —1.40V. The
currents {y and iy are

_ver =V -09-(=32)

h= R} = i = 3.0mA

and

. vnor— VT =140 (=52)

iy = 7l = G =2.53mA
The power dissipation is then

Po=(32240+ 140+ 1.40 + 3.0 4+ 2.3345.2) = 60.0 mW

Comment: This power dissipation 5 significantly larger than that in NMOS and
CMOS logic circuits. The advantage of ECL, however. is the short propagation delay
limes, which can be less than 1 ns.

Propagation Delay Time

The major advantage of ECL circuits is their small propagation delay time, on
the order of i ns or Iess. The two reasons for the short propagation delay times
are: (1) the transistors are not driven into saturation, which eliminates any
charge storage effects; and (2) the logic swing in the ECL logic gate 1s small
(about 0.7 V)., which means that the voltages across the cutput capacitances do
nel have to change as much as in other logic circuits. Also, the currents in the
ECL circuit are relatively large, which means that these capacitances can
charge and discharge quickly. However, the trade-ofls for the small propaga-
tion delay time are higher power dissipation and smaller noise margins.

ECL circuits are very fast, and they require that special attention be paid
to transmission line effects. Improperly designed ECL circuit boards can
experience ringing or oscillations. These problems have less 1o do with the
ECL circuits than with the interconnections between the circuits. Care must
therefore be taken to lerminate the signal lines properly.

Fanout

Figure 17.6 shows the emitter follower output stage of the OR oulput of an
ECL circuit used to drive the diff-amp input stage of an ECL load aircuit.
When vz is a logic 0, input load transistor Q4 is cut off, effectively eliminating
any load current from the driver output stage. With vop at a logic 1 level, the
input load transistor is on and an input basc current §; exists. {Up to this point,
we have neglected dc base currents; however, they are not zero.) The load
current must be supplied through ;, whose base current is supplied through
Rco. As the load current J; increases with the addition of more load circuits, 2
vollage drop occurs across Rey and the output vollage decreases. The max-
imum fanout is determined partially by the maximuwm amplitude that the out-
put voltage is allowed to drop from its ideal logic 1 value.
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¥ =-52V

ToN - 1, idenlical
load circuit

Cerec————

Figure17.6  Qutpul stage of ECL logic gate driving N identical ECL input stages

Example 175 oObjective: Calculate the maximum fanout of an ECL logic gate.
based oo de loading elfects.

Consider the ctrcuit in Figure 17.6. Assume the current gain of the transistors s
B = 50, which represents a worst-case scenario. Assume that the logic 1 level at the OR
output is atlewed 10 decrease by S0mV at most from a value of 070V 1o —0.75V.

Solutlon: From the figure, we see thal

vor — Vaelon)— ¥~ —0.75--0.7 - (~52)
Ry = NE

ty

= 3. IEmA

The inpul base current to the load transistor is

i it J.I8 i
i == B2 pA =
E= T +A Si BN
The total 1oad current is therefore §; = Ni; .
The base current (g required to produce both the load current i; and current £y s

i i l3,+ j.[. :0— I-'H_:‘:'."—I:l’on + stl_cm})
BT+ Ry Res

(17.4)

Also, from the figure we see that

PR YOR — ¥ . —[ITS - (—52]
~ o 1.5

=297 mA

From Equatien (174}, the maximum fanout for this condition is

297+ N(0.0629) 0 - (075407
]| B 0.4

which yields N = 122,
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Comment: This maximum £fanout i based on dc conditions and s unrealistic. In
practice, the maximum fanowt for ECL circuits is determined by the propagation
delay time. Each load circuit increases the load capacitance by approximately 3pF. A
maximum fanout of about 15 is usvally recommended 1o kesp the propagation delay
time within specified limits.

1123

The Negative Supply Voltage

In classic ECL circuits, it is commeon practice to ground the positive terminal of
the supply voltage, reducing the noise signals at the output terminal. Figure
17.7(a) shows an emitter-follower output stage with the supply voitage Ve in
serics with a noise source V.. The noise signal may be induced by the effect of
switching currents interacling with parasitic inductances and capacitances. The
cutput voltage is measured with respect Lo ground: therefore, if the positive
terminal of V¢ is grounded, voltage P, is taken as the oufput voltage. If the
negative terminai of V¢ is at ground, then ¥, is the output voltage.

(s} (b}

Figura17.7 [a) Equivalent circuit, ECL emittar-follower uipul slage and noise generator,
2nd the (b) small-signal hybrid-n equivalant circuit

To determine the effect of the noise voliage al the output, we assume that
Qg 15 cut off, and we evaluate the small-signal hybrid-r equivalent circuit
shown 1 Figure 17.7(b).

Example 17.6 Objective: Determine the elfect of a noise signal on the output of
an ECL gate.

Consider the small-signal equivalent circwt in Figure 17.7(b). Let f = 100 Find ¥,
and ¥ as a function of V.

Solullon: From a previous analysis, the quiescent collector current in 4 for Qg in
cutofl is 3mA. Then.
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and

I 3
Gy =2 = —— = 115mA/V

We can also write that
Vi = InlBez + rmyy + (1 + SRy
which yields
¥, v, v,

fin = = =
B Rzt + (L + AR, 0.24 1 0.867 + (101)(1.5) 1526
The output voltage V, 15

V
¥V, = =ly(Rez + 1) = —(]-3—2'13){0.34 +0.867) = ~0.0073V,

and cutput voltage ¥, is

; Ve
V.= (1 + Bl Ry = {]0!}(m)(l<5) = 0.99),

Comment: The effect of noise on the collecter-emitter output voltage V', 15 much less
than on output voltage V.. Tt is advantageous, then, to use V,, which implies that the
positive terminal of ¥ is grounded. The noise insensitivity gained with a negative
power supply may be critical in 4 logic circuit with a low noise margin.

17.14 Voltage Transfer Characteristics

The voltage transfer curve indicates the circuit characterisics during transition
between the two logic states. The voltage transfer characteristics can also be
used to determine the noise margins.

DC Analysis

A good approximation of the voltage transfer characteristics can be derived
from the piccewise linear mode! of the twe input transistors and the reference
transistor. Consider the ECL gate in Figure 17.5. If inputs vy and vy are a logsc
0, or —1.40V, then @, and Q, are cut off and vyop = —~0.7 V. The reference
transistor (' is on and, as previously seen, ig = ic; = 2.92mA, vy = —0.70V,
and vor = —1.40V. As long as vy = vy remains less than Ve —0.11=
-1.17V, the output voltages do not change from these values. During the
interval when the inputs are within 120mV of reference voltage Vg, the cutput
voltage levels vary.

When vy = vy = Vp +0,12 = =093V, then @, and {; are on and Qp Is
off. At this pOil'lt‘ ff =i = J03mA, vy = —0.657V, and vyor = —1.36 V.
As determined previously, when vy =ry = 0.7V, wop =—140V. The
voltage transfer curves are shown in Figure 17.8.

Nolse Margin

For the ECL gate, we define the threshold logic levels My, and ¥ as the points
of discontinuity in the voltage transfer curves. These values are ¥y = —1.17V



Chapter 17 Bipolar Digital Circuits

P =vy—*
- 1.40 =117 - 105 -0.93 =070

I
I
|
|
I
I
|
|
I
I

Figura17.8 ECL OR/NOR logic gate voltage transfar charactenistics

and ¥y = -0.93V. The high logic level is Voy = —0.7V and the low logic
value is Vg = —1.40V.

The noise margins are defined as

NMy = Vo — Vi (17.5(a))
and

NM, =V - Vo, (17.5(b))

Using the results from Figure 17.8, we find that NMy = 0.23V and NM; =
0.23V. The noise margins for the ECL circuit are considerably lower than
those calculated for NMOS and CMOS circuits.

1125

Test Your Understanding

17.8  Consider the ECL cireuit in Figure 7.4, Using the results of Example 7.2, plot
the voliage transfer characteristics for -1.40 < v, =v, < 0.7V, Find the noise
marging NMy and NM, . (Ans. NM, =013V, NM,; =0.23V)

1)

17.2  MODIFIED ECL CIRCUIT CONFIGURATIONS

The large power dissipation in the basic ECL logic gate makes this circuit
impractical for large-scale integrated circuits. Certain modifications can sim-
plify the circuit design and decrease the power consumption, making the ECL
more compatible with integrated circuits.

1721 Low-Power ECL

Figure 17.9{a) shows a basic ECL OR/NOR logic gate with reference voltage
Fr and a positive voltage supply. We can make the output voltage states
compatible with the input voltages, eliminating the need for the emitter-
followzr output stages. In some applications, both complementary ouiputs
may not be required. If, for example, only the OR output is required, then
we can eliminate resistor R-;. Removing this resistor does not reduce the
circuit power consumption, but.it eliminates one ¢lement,
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YOR

t
(8}

{n)
Figure 17.9 (a) Basic ECL OR/NOR logic gate and {b) modified ECL logic gale

Figure 17.9(b} shows the modified ECL gate. For v, = v, logic | > ¥V,
transistors ¢, and (3, are turned on and Qp is off. The output voltage is
vor = Vce. For v, = v, = logic 0 < Vg, then @, and @, are off and Qp is
on. The currents are

| g
[ BT BEVIED - 25(0“) 2 ieq (17.6)

and the output veltage is
vor = Voo —icaRez (¥1.7)

I the resistance values of Ry and R - vary from one circuit to another because
of fabrication tolerances, then current ip and the logic 0 oulput voltage will
vary from one circuit to another.

To establish a well-defined logic 0 output, we can insert a Schottky diede in
parallej with resistor R, as shown in Figure 17.10. If the two inputs are a logic
0, then 0, and @, are off and Q is on. For this condition, we want the
Schottky diode to turn on. The output will then be vop = For — V,,, where

Figure 1730  Modifiet ECL logic gate with. Schottky diode
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V, is the turn-on voltage of the Schottky diode. This logic 0 output voltageis a
well-defined value. If the diode turns on, then current /p is limited to
ig{max) = V,/Rc. Since we must have ig > ig(max). the diode current is
Ip = ip — fgfmax),

un

Example 17.7 Objective: Analyze the modified ECL logic gate.
Congsider the circuit in Figure 17.10 with parameters Vo= 1.7V and Rg =

Re =38k Assume the diode and transisior piecewise linear parameters are
V=04V und Fgelon) = 07V,

Solution: The output voltage values are
and

For the output vollages to be compaitible with the inputs. the reference voltage Vg must
be the average of the logic | and logic 0 values, or V=13V If v, = v, =
logic § = L3V, then ( is on. Therefore,
o Ve —Vgelon) 1.5-07
£ Re T8
The maximuen current in R 18

Yy 0.4
i Mo
R -8 = 50pA

and the current through the diode is
ip = "'E - l}ﬂmﬂx} =100 - 50 = SOHA

= [00pA

fp(max) =

For v, = v, = logic 0. the power dissipation 15 P = ip¥ o, Or
P =igVee ={10001.7) = 170 uW
For v, = v, = logic | = 1.7V, we have
i, v Vaston) _ 1707
' Re E
Therelore, the power dissipation for this condition is
P=ip¥ee ={125)L.7D =213 W

= 1254A

Comment: [f the resistance values of Rg and R were 1o change by as much as £20
percent as a resull of manufacturing tolerances, for example, the currents would sull be
sufficient (o turn the Schoitky diode on when @z is on. This means that the logic 0
output is well defined. Also, the power dissipation in this ECL gate is considerably Jess
than that in the classic ECL OR/NOR logic circuil. The reduced power is a result of
fewer components, lower bias voltage, and smaller currents.

When transister Qp is off, its collector voltage is 1.7V and the B-C junc-
tion is reverse biased by 0.2 V. When (0 is conducting, its collector voltage is
1.1V, the B-C junction is forward biased by 0.2V, and the transistor i1s biased
slightly in saturation. However, this slight saturation bias does not degrade the
switching of Qg, 50 the fast-switching characteristic of the ECL circuit is
retained.
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Test Your Understanding

D17.8 Design the basic ECL logic gate in Figure 17.11 such that the maximum
power dissipation is 0.2mW and the logic swing is 0.4V. {Ans. [, =118 pa,
Re =330k, V= 1.5V)

Vee=17V

Figure 17.11  Figurs for Exercise 17.6

17.2.2 Allernative ECL Gates

In an ECL system, as in all digital systems, a gate is used 1o drive other logic
gates. Connecting load cireuits to the basic ECL gate demonstrates changes
that can be made to incorporate ECL into integrated circuits more effectively.

Figure 17.12 shows the basic ECL gate with two load citcuits. In this
configuration, the collecters of Q3 and Q3 are at the same potential, as are
the bases of the two transistors. We can therefore replace (5 and 05 by a single
muliiemitter transistor.

In Figure 17.13, the multiemitter transistor Qg is part of the driver circuit.
The operation of the circuit is as follows:

v, = v, =logic 1=1.7V; The two input transistors {}; and ¢, are on,
Oy is off, and vy = 1.7 V. Since the base voltage of Qg is higher than the
base voltages of {kx and O, then Qp is conducting, O and Qf are off,
and vg = vp = 1.7 ~ 0.7 = 1.0V. The currents iz and ig flow through the
emitters of 8y.The outpui voltages are vp =vg = 1.7V,

*v, = v, =logic 0= 1.3V:For this case, the two input transistors ¢, and
Q, are off, O is on, and vy = [.3V. The output transistor O is off and
both Ok and g% are on. The output voltages are then vp = 15 = 1.3 V.

The two load circuits in Figure 17.13 each have only a single input, which
limits the circuit functionality. The versatility of the circuit can be further
enhanced by making the load transistor Qp a multiemitter transistor. This is
shown in Figure 17.14. For simplicity, we show only a single input transistor to
each of the two driver circuits. The operation of this circuit for various com-
binations of input voltages is as follows.
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VCL-‘-— 17V¥

Vo=

L+
VCC= 1.7V sz D_K
1 L5Y
. Vg=
0 &—EQI Cr e Vee= 17V
RE i %

-éf 1 e

Figure 17.12 Modified ECL logic gate with two load circuits

¥y =¥y =logic 0= L3V: The two input transistots @, and @, are off
and the two reference transistors Qg and 2z are on. This means that
Yo = Vg2 = 1.3V and both output transistors 5 and 34, are off. Both
emitters of Q; are forward biased, currents /g, and ig, flow through Q.
and the output voliage is vj = logic 0 = 1.3 V.

+¥ = 1.7V, v, = 1.3V: For this case, @, is on, Qg is off, Q5 is off, and
(?», is on. The output voltages are vg; =1.7V and vg =13V, This
means that Qp; is on and Qo is off. With Qg on, current iz flows
through Qp, and no current flows in emitter E,. With 0y, off, emitter
£ is forward biased, current ir flows through @, and the output
voltage is vg = logic 0 = 1.3V,

«v, = L3V, vs = 1.7V: This case is the complement of the one just dis-
cussed. Here, Oy, is off and Qqs is on. This means that ig; flows through
emitter E, of Qg, and iz flows through Qg;. The output voltage is
vo=logic0 = 1.3V,

«¥; = vy = L7V: The two input transistors ; and {; are on, the two
reference transistors Qg and Qg are off, and vo; = vgp = L7V. This
means that both Qg and Q; are ot and Qg is off. Currents /g, and i

flow through @0, and Qg respectively, and the output voltage is
vo =logic 1 = 1.7V,

1119
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Voe=17V

Figure 17.13 Modified ECL logic gate with multiemitter outpul lransistor and two load
circuits

These results are summarized in Table 17.1, which shows that this circuit
performs the AND logic function. A more complicated or sophisticated logic
function can be performed if multiple inputs are used in the driver circuits.

In integrated circuits, resistors Re are replaced by current sources using
transistors. Replacing resistors with transistors in integrated circuits usually
results in reduced chip area,

Table17.1 Summary of results lor the
ECL circuitinFigure 17.14

r{¥) r(V) vol¥)
13 1.3 1.3
LY 1.3 t.3
1.3 1.7 1.3
1.7 1.2 1.7




Chapter 17 Bipolar Digital Circuits

Vee=17V

Rg

k3

Figure 17.14 Two ECL driver circuits with a muiti-input load circuit

1723 Series Gating

Series gating is a bipolar logic circuit technique that allows complex logic
functions to be performed with a minimum number of devices and with max-
imum speed. Series gating is formed by using cascode stages.

Figure 17.15(a) shows the basic emitter-coupled pair, and Figure 17.15(b)
shows 2 cascode stage, also referred to as two-leve] series gating. Reference
voltage ¥y, is approximately 0.7 V greater than reference voltage Fpy. The
input voliages v, and v, must also be shifted approximately 0.7 V with respect
to zach other.

As an example, we use the multtemitter load circuit from Figure 17.14 as
part of a cascode configuration as shown in Figure 17.16. Transistors (g,
@oz. and {p; represent the output transistors of three ECL. driver circuits, We
assurne a logic 1 level of 2.5V and a logic 0 level of 2.1 V. The 0.4V logic swing
results from incorporating a Schottky diode in each output stage.

With three input signals, there are eight possible combinations of input
stales. We will only consider two combinations here:

A =R=C=logic 0 =2.1V: In this case, transistors Oy, and Qy; are
off and transistor Q; is off. This means that current IQ flows thmugh [
and Qp, and vo=logic 0 =21V,

1n:n
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Py Vi

(a) {b)
Figure 17.15 (a} Baskc emitter-coupied pailr amd (b) ECL cascode configuration

Vf-'(' = 2N,

V['C =2iV

Figure 17.16 ECL series gating example

cA=C=2.1V, B=2.5V: Transistors 0, and @, are ofl, Q¢ 1s on, and
current fp flows through @, and Q. Since @y is off, no current is
available to flow through Qp. even though g, is off. The cutput is
vo=logic | =23V

For the output voltage vy to be a logic 1, no current must flow through Q.
This occurs when both Qp; and Qp; are on, or when a B-E junction of @y is
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turned on but no curtent is available through Q, or Q;. We can show that this
circuit performs the logic function

{4 AND ) OR (B AND ©) (17.8)

We are now beginning to integrate logic functions into a circuit rather
than using separate, distinct logic gates. This reduces the number of devices
required, as well as the propagation delay time.

Another example of series gating is shown in Figure 17.17. A negative
supply voltage is again used. The operation of the circuit is as follows.

- v, = ¥, = logic 0 = —0.4 V: Transistors @, Os, and Q1 are on, current fp
flows through @, and (,, the diode turas on, and the output voltage is
—0.4V.

«v, = 0.4V, v, = 0: Transistors Q. @4, and Q¢ are on, current [y flows
through Qg and O, to ground, and current / flows through Q4 and the
resistor. The output voltage is vg = —Rclp = —(1K0.05) = 005V,
This voltage is not sufficient to turn the Schottky diode on. Although it
is not zero volts, the voltage still represents a logic 1.

sv. =0, v, = —0.4V: Transistors ¢, (3, and {7 are on, current Iy flows
through Q1 and @ to ground, and current fp, flows through Q; and the
resistor. Again, vp = —0.03V =logic |.

1 kL

i
|

PR & 0r @ -02v
o N

Ifx

] 81@35[.“

-3V

Figure 17.17  ECL saries galing exampis
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Table 17.2 Summary of
logic levels tor ECL circuit

inFigure 1717

¥ If’. ¥
0 0 B
0 | 1
L 0 1
| { 0

Vig

Figure17.18 Emiter-
follower stage with load
capacitance
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sv, = v, = logic ] 20V: Transistors ¢, O, and {s are on, Iy flows
through @, ., and the Schottky diode, and output voltage is vp =
-04V =logic 0.

These results are summarized in Table 17.2, in which the logic levels are
given. The results show that the circuit performs the exclusive-OR logic
function.

17.2.4  Propagation Delay Time

ECL is the fastest bipolar logic technology. Bipolar technology ¢an produce
small, very fast transistors with cutofT frequencies in the range of 3 to 13GHz
Logic gates that use these transistors are 5o fast that interconnect line delays
tend to dominate the propagation delay times. Minimizing these interconnect
delays involves minimizing the metal lengths and using sufficient current drive
capability.

Speed is derived from low-signal logic swings, nonsaturating logic, and the
ability to drive a load capacitance. Figure 17.18 is the emitter-follower output
stage found in many ECL circuits, showing an effective load capacitance.
Usually, the emitter-follower current [y is two to four times larger than the
cell current.

In the puli-down cycle, the current f discharges C, . The current—voliage
relationship of the capacitor is

i= cL‘{fo (17.9(a))
or
ip = CLLder (17.9¢b))

Assuming C; and i = Iy are constants, the fall tme 1s
C. Vs

1 = (0.8) -

(17.10)

where Vs is the logic swing, and the (actor (0.8) occurs because tr is defined as
the time required for the output to swing from 10 percent to 90 percent of its
fina] value.

As an example, il ¥¢ =0.4V and Ig = 250 pA, then for a minimum fall
time of T = 0.8ns, the maximum load capacitance is Cy(max) = 0.625pF.
This calculation shows that the load capacitance must be minimized to realize
short propagation delay times.

Test Your Understanding

17.7 Consider the ECL circuit in Figure 17.16. For each of the eight possible com-
binations of input states, determine the conduction state (on or of) of each transistor.
Verify that this circuit performs the logic function given by Equation (17.8).
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fp= 75 pA

Vee

Figure 17.18 Figure for Exercise 178

17.8 The ECL circuit in Figure 17.19 is an example of three-level series gating.
Determnine the fogic function that the circuit performs. (Ans. (4 @ B)& C)
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17.3 TRANSISTOR-TRANSISTOR LOGIC

The bipolar inverter is the basic ¢ircuii from which most bipolar saturated logic
circuits are developed, including diode—transistor logic (DTL) and transisior—
transistor logic {TTL). However, the basic bipolar inverter suffers from loading
effects. Diode~transistor logic combines diode logic (Chapter 2) and the bi-
polar inverter to minimize loading effects. Transistor-transistor logie, which
evolved directly from DTL, provides reduced propagation delay times, as we
will show. .

In DTL and TTL circuits, bipolar transistors are driven between cutoff
and saturation. Since the transistor 15 being used essentially as a switch, the
current gain is not as impertant as in amplifier circuits, Typically, for transis-
Lors used in these circuits, the current gain is assumed to be in the range of 25
to 50. These transistors need not be fabricated to as tight a tolerance as that of
high-gain amplifier transistors.

Table [7.3 [ists the piecewise linear parameters used tn the analysis of
bipolar digital circuits, along with their typical values. Also included is the
pn junction diode turn-on voftage ¥,. Generally, the B-E voltage increases
as the transistor is driven into saturation, since the base current increases.
When the transistor is biased m the saturation region, the B-E voltage is
Vge(sat), where Vgel(sat) > Vgglon).

Table 17.3 Piecewise

linear parametersforapn

jungtion diode and npn
bipolar fransistor
Parameier Valoe
¥, BTV
VSE{UI'I} 07V
¥ ggisat) HERY
Vpisan aly
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17.3.1  Basic Diode—Transisior Loglc Gate

The basic diode-transister logic (DTL) gate is shown in Figure 17.20. The
circuit 15 designed such that the output transistor operates between cutofT
and saturation. This provides the maximum ocutput veltage swing, minimizes
loading effects, and produces the maximum noise margins. When @, is in
saturation, the output voltage is vy = Feg(sat) * 0.1V and is defined as
logic 0 for the DTL circuit. As we will see, the basic DTL logic gate shown
in Figure 17.20 performs the NAND logic function.

i ; R,x-tkn
By Dy b
Yy Pk
1 L
vy iz
DY ln

Figure 17.20 Baskc dicde—{ransisior lgic gate

Basic DTL NAND Circuit Operation

1f both input signals vy and vy are at logic 0, then the two input diodes Dy and
Dy are forward biased through resistor R| and voltage source V. The input
diodes conduci, and voltage v, is clamped to a value that is one diode drop
above the input voltage, If vy = vy =01V and V, =07V, then v, = 08 V.
Diodes | and D, and output transistor {2, are nonconducting and are off. If
D, and P, were conducting, then voltage vz would be —0.6V for ¥V, = 0.7V,
However, no mechanism ¢Xists for vz to become negative and still have a
forward-biased diode current, Thus, the current in B, and D,, the current in
Q,, and the voliage vy are all zero. Since Q, is cut off, then the output voltage
is vg = Vee. This is the largest possible outpul voltage and is therefore defined
as the logic 1 level. This same condition applies as Yong as at least one input is
at logic 0.

When both vy and v, are at logic 1, which is equal to V., both Dy and
Dy are cut off, Diodes D, and Dy become forward biased, output transistor @
is driven into saturation, and vg = Vg(sat), which is the smallest possible
output voltage and is defined as the logic 0 level

This circuit is a two-input DTL NAND logic gate. However, the circuit is
not limited to two inpuis. Additional input diodes may be included to increase
the fan-in.
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Example 178 Objective: Determine the currents and voliages in the DTL logic
circuit.

Consider the DTL circwit in Figure 1720 Assume the transistor parameters are as
given in Table 17.3 and let § = 25,

Solution: Let vy = vy = logic 0 = 0.1V, For this case,
Fp =1y + V? =01+07=038¥
and

f1=VC;:V'=S_40's::l.05mA

Since diodes Dy and D, and output transister @, are nonconducting, we assume that
purrent i divides evenly between the maighed diodes Dy and Dy. In this case, the
currents iy = iy = i = 0 and the output voltage is vo = 3V = logic |

vy =01Vand vy =5V, or vy = SV and vy = 0.1V, then the output transistor
15 still cut off and vy = 3 ¥ = logic |.

If vy =vp=logic | =5V, it is impossible for input diodes Dy and Dy 10 be
forward biased. In this case, diodes D, and D; and the putput transistor are biased
on, which means that, starting at ground potential at the emitter of @y, v, is

o= Vﬂr(ﬁﬁl) -+ EVF = O.E + 2{047) =22V

Voltage v, is clamped at this valoe and cannot increase. We see that Dy and £}y are
indeed reverse biased and turned off, as assumed.
Currents f; and i, are

],-'{.-.(. _— i'| _ 5 - 22

=1 = R A = (.70 mA
and current £y is
~Yactat) 08 o oema

The base current inte the ourput transistor is then
ig = iy — ig = 0.70 —0.08 = 0.62 mA

Since the circuit is to be designed such that (2, is driven inlo saturation, the collector
current is

C VC'C — I"C;‘(S&t} _ 5-10.1 _
T R =2 = 1.23mA

Finally, the ratio of collector to base current is

i 123
e _ 2= o8
iy 0.62 <8

Comment.  Since the ratio of the collector current to base current 15 less than 8, the
output transistor is biased in the saturation region. Since the outpul transistor is biased
between cutoff and saiuration, the maximum swing between logic 0 and logic | is
obtained.
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Test Your Understanding

[Note: In ihe following exercises, assume the piecewise linear transistor parameters are
as listed in Table 17.3]

17.8 The DTL circuit m Figure 17.20 has new circuit parameters of R = 6k,
R =5k and Rz = I5k2. Assume Ve =35V and 8 = 25. Determine i\. . fp, {5
iger and vg for: (@) vy = vy =01V, (b) by =5V, vy =00V, and () vy = vy, =5V
[Ans. {3) I, =07TmA, L=ip=ig=ip =0, v5=5¥ (b) same as part {(a}
()i, = i =0.467mA, ip = 0.053mA, ip = 0414 mA, irc = 0.98mA, v, =0.1V)
17.90 Consider the basic DTL circuit in Figure 17.200 with circuit and transistor
parameters given in Example 178, Assume noload is connected 10 the output. Caleulate
the power dissipated in the citcuit for {a) vy = vy = 5V and (b) vy = vy =0,

Minimum g

To ensure that the output transistor is in saturanion, the common-emitter
current gain 8 must be at least as large as the ratio of collector current 1o
base current. For example 17.8, the minimum 8, or B, is 1.98. If the common-
emitier current gain were less than 1.98, then €, would not be driven into
safuration, and the currents and voltages in the circuit would have to be
recalculated. A current gain greater than 1.98 ensures that @, is driven
into saturation for the given circuit parameters and for the no-load condition.

Puli-Down Resistor

In the basic DTL NAND logic circuit in Figure 17.20, a rtesistor Rp is con-
nected between the base of the ouiput tramsistor and ground. This resistor is
called a pull-down resistor, and its purpose is to decrease the output transistor
switching time as it goes from saturation to cuiofl. As previously discussed,
excess minority carriers must be removed from the base before a traasistor can
be switched to cutolf. This base charge removal produces a current out of the
transistor base terminal until the transistor is turned off. Without the pull-
down rasistor, this reverse base current would be limited to the reverse-bias
leakage current in diedes D and D,, resulting in a relatively long turn-off time.
The pull-down resistor provides a path for the reverse base current.

The base charge can be removed more rapidly if the value of Rg is reduced.
The larger the reverse base current, the shorter the transistor turn-off time.
However, a trade-off must be made in choosing the value of Rp. A small Ry
provides faster switching, but lowers the base current to the transistor in the on
state by diverting some drive current to ground. A lower buse current reduces
the circuit drive capability, or maximum fanout.

17.3.2 TheInput Transistor of TTL

Figure 17.21(a) shows a basic DTL circuit with one input diode Dy and one
offset diode Dy. The structure of these back-to-back diodes is the same as an
npn transistor, as indicated in Figure 17.21(b). The base-emitter junction of ¢
corresponds to input diode Dy and the base—collector junction corresponds to
offset diode D,.
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(e} (b)
Flgure17.21 (a) Basic DTL gate and (b} basic TTL gats

In isoplanar integrated circuit technology, the emitter of a bipolar transis-
tor is fabricated in the base region. More emitters can then be added in the
same base region to form 2 multiemitter, multi-input device. Figure 17.22(a)
shows a simplified cross section of a three-emitter transistor, which is used as

the input device in a TTL circuit. Figure 17.22(b) shows the basic TTL circuit
with the multiemitter input transistor.

Figura17.22 (a) Simphiied cross section of thrae-amiltes irenaistor and (b) TTL circuit with
threa-emitter input transistor

This circuit performs the same NAND operation as its DTL counterpart.
The multiemitter transistor reduces the silicon area required, compared to the
DTL input diodes, and it increases the switching speed. Transistor Q) assists in
pulling output transistor @, out of saturation and into cutoff during a low-to-
high transition of the output voltage. Pull-down resistor Rg in Figure 17.21(b)
is no longer necessary, since the excess minority carners in the base of ¢, use
transistor O, as a path to ground.

Al

it |
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Vee=5Y

(@) ' (b}
Figure 17.23 TTL circuit (a} with at leas! one input low and {b) with all inputs high

1

The operation of input transistor {0, 1s somewhat unconventional. In
Figure 17.23(a), if either or both of the two inputs to Q; are in a low state,
the base—emitter junction is forward biased through R, and V. The base
current enters {J;, and the emitter current exits the specific emitter connected
to the low input. Transistor action forces the collector current into ¢, but the
only steady-state collector current in this direction is a reverse-bias satoration
current out of the base of @,. The steady-state collector current of @ is usually
much smaller than the base current, implying that @, is biased in saturation.

If at least one input is low such that ¢, is biased in saturation, then from
Figure 17.23(a), we see that the base voltage of Q, is

vg = vy + Vpr(sat) (17.11)

and the base current into Q, is

Ve —
igp = “LRI Yai (17.12)

If the forward current gain of {2, is S, then @, will be in saturation as long as

ic1 < Brig-
The collector volage of @y is

"'CI = Vy + V(_"E(Stlt) (1713)

If both vy and Vog(sat) are approximately 0.1 V, then vy is small encugh for
the output transistor to cut off and vy = V¢ = logic 1.

If alt inputs are high, v, = vy = 5V, as shown in Figure 17.23(b), then the
base-emitter junctions of the input transistor are reverse biased. Base voltage
vg increases, which forward-biases the B~C junction of Q| and drives output
transistor {2, into saturation. Since the B-E junction of @, is reverse biased
and the B-C junction is forward biased, @, is biased in the inverse-active mode.
In this bias mode, the roles of the emitter and collector are interchanged.

When input transistor 0, is biased in the inverse-active mode, base voltage
Vo IS

vy = Vael(sat), + Vipelon),, (17.14)



Chapter |7 Bipolar Dagital Circuils

where Fyo(on) is the B-C junction tum-on voltage. We assume that the B-C
junction lurn-on voltage is equal (o the B-E junction turn-on voitage. The
terminal current relationships lfor @ are therefore

fey =gy = Brip (17.1%)
and
ey =ig Higy + iy = {1+ 28pdip {17.16)

where S, is the inverse-active mode current gain of ¢ach input emitter of the
input transistor.

Since a bipolar tansistor is not symmetrical, the inverse and forward
current gains are not equal. The inverse current gain is generally quite small,
usually less than one. In Figure 17.23(b), the mput transistor has a fan-in of
two. Transistor (0, may be considered as two separate transistors with their
bases and collectors connected. For simplicity, when all inputs are high, we
assume that current fzg splits evenly between the input emitters.

The inverse-active mode current into the emitters of Q, is not desirable,
since this is a load current that must be supplied by a dniver logic circuit when
iks output voltage is in its high state. Because of the transistor action, these
currents tend to be larger than the reverse saturation currents of DTL circuit
input diodes. The major advantage of TTL over DTL is faster switching of the
outpul transistor from saturation to cutoff,

If all inputs are initially high and then at least one input switches to the
logic 0 state, 0.1V, the B-E junction of @, becomes forward hased and base
voltage vg, becomes approximately 0.1 + 0.7 = 0.8 V. Collector voltage v is
held a1 0.8V as long as output transistor Q, remains in saturation. At this
instant in lime, Q, is biased in the forward-active mode. A large collector
current into { can exist, which pulls the excess minority carrier charge oul
of the base of Q,. A large reverse base current from Q, will very quickly pull
the output transistor out of saturation. In the TTL circuit, the action of the
input transistor reduces the propagation delay time compared to that of DTL
logic circuits. For example, the propagation delay time is reduced from
approximately 40ns in a DTL NAND gate to approximately i0ns in an
equivalent TTL circuit.

17.3.3 Basic TTL NAND Circuit

We can improve the circuit performance of the simple TTL circuit in Figure
17.23 by adding a second current gain stage. The resulting basic TTL NAND
circuit is shown in Figare 17.24. In this circuit, both transistors O, and @, are
driven into saturation when vy = vy = logic 1. When at least one input
switches from high to low, input transistor @ very quickly pulls @; out of
saturation and pull-down resistor R provides a path for the excess charge in
Q,. which means that the output transistor can turn off fairly quickly.

DC Current-Voltage Analysis

The analysis of the TTL circuit is very similar to that of the DTL circuit, as
demonstrated in the following example.

(A1
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Figure 17.24 TTL circult with currents and voltages

Example 17.9 Objective: Caiculate the currents and voltages for the basic TTL
NAND circuit.

Consider the TTL cirewit in Figure 17.24. Assume the piecewise linear transistor
parameters are as listed i Table 17.3. Assume the forward current gain is fr = § =25
and the inverse current gain of each input emitter is fg = 0.).

Solution: For vy =v, =0.1V, (0, is biased in saturation and

Yy = vy + Yep(sat) =01+ 01 =02V

“which means that ¢}, and {0, are both cut ofl. The base voltage vy is then

¥g =¥y + Vpe(sat)j =0 +08 =09V
and current §; i3

. VCC bl 11 5 - 0.9

i = 3 =7 = |.0ImA
This current Aows out of the input transistor emitters. Since 3, and (2, are cus off, all
other currents are zero and the ourput voltage is vy, = 5V,

If vy = vy = 5V, then the input transistor is bizsed in the inverse active mode. The
base vollage vp 15

Vg = VBE(SE[}Q‘ -+ ng{sat)ﬂl + VM_-{OH:’QI
=08+08+07=23V

and the coliector voltage ven is
Yo = P’,gE{sat)Q_ + V(«,q(sat]gz =08+01=0%Y
The currents are

. Vee-vm _5-12

3
= = D675 mA
41 Rl 1 D.675m

and
igz = {1+ 2Bp); = () +0.2(0.675) = 0.310mA
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Also,
= V(‘(' — ¥¢2 5 - 09
= - = = 2.56mA
% & 6 ¢ em
which meuns that

The current in the pull-down resistor is

v 8
Yorlah _ 33 _ggma
Re

and the base dove to the output traasistor is
Current 7, is

Vee = Fepdsat) 5 -0
Ry 4

‘ﬂ

I'-1=

Commaent:  As mentioned, the analysis of the basic TTL circuit is essentially the same
as that of the DTL circuit. The magnitodes of currents and voltages in the basic TTL
circuit are also very similar Lo the DTL resulis,
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Test Your Understanding

[Note: In the folléwing exercise, assime the piecewise linear transistor paramelers are as
fisted in Table 17.3]

17.11  The parameters of the TTL NAND circuit in Figure 17.24 are: R = 6 ki2,
Ry, = 1.5%k&, Ry = 1.5k, and Re = 2.2k Assume that = =20 and fg=0.1
(for each inpul cmitier). For a no-load condition, determine the base and collector
currents in each transistor for: (a) vy = vy = 01V, and (b) vy = vy = 3.6 V. Prove
that s and (J, are driven into saturation for vy = vy = 30V, (Ans. (@) fy = iy =
D68IMA, i 20, iy =in =0, fgo = ico =0 (b} 4, =ig =0.45mA, ip =ligl=
34 mA. flg = !‘[‘2 = 273mA. l:m, = 2?4[’“}\, iy = j(‘., =321 mA) =

17.3.4  TTL Output Stages and Fanout

The propagation delay time can be improved by replacing the outpul collector
resistor with a current source.

When the output changes from low to high. the load capacitance must be
charged by a current through the collector pull-up resistor. The total load
capacitance is composed of the input capacitances of the load circuits and
the capacilances of the interconnect lines. The associated RC time constani
for a load capacitance of 15pF and a collector resistance of 4k is 60 ns, which
is large compared to the propagation delay time of a commerctal TTL circuit.

Totem-Pole Qutput Stage

In Figure 17.25, the combination of Q,, D, and @, forms an output stage
called a totem pole. Transistor 0, forms a phase splitter, because the collector
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Figure17.25 TTL circuit with totam-pole output stage

and emitter voltages are 180 degrees out of phase. If vy = v, = logic 1, input
transistor (3, is biased in the inverse-active mode, and both {; and Q, are
driven into saturation. The voltage at the base of {, is

vy = Vo = Vgulsat)g, + Veelsat)p, (1717

which is on the order of 0.9V, and the output voltage is approxamately 0.1 V.
The difference between the base voltage of O, and the output veltage is not
sufficient to turn Q4 and D, on. The pn junction offset voltage associated with
D, must be included so that 5 is cut off when the output is low. For this
condition, the saturation output transistor discharges the load capacitance and
pulls the output low very quickly.

If vy = vy = logic 0, then Q; and 0, are cut off, and the base voltage ta &,
goes high. The transistor ; and diode D| turn on so that the output load
capacitance can be charged and the output goes high. Since {3 acts like an
emitter follower, the output resistance is small so that the effective RC time
constant to charge the load capacitance is now very small.

Fanout

Logic gates are not operated in isolation, but are used to drive other similar
tvpe logic gates to implement a complex logic function. Figure 17.26 shows the
TTL NAND gate with a totem-pole output stage connected to N identical TTL
NAND gates. The maximum fanout is defined as the maximum number of
similar-type logic circuits that can be connected to the logic gate ouiput with-
out affecting proper circuit operation. For example, the output transistor @,
must remain in saturation when the output goes low to its logic 0 value. Fora
given value of 8, there is then a maximum allowable load current, and therefore
a maximum allowable number of ioad circuits that can be connected to the
output. As another condition, the output transistor is usually rated for a
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"'CC =50V

ifhn
—-
= of
Tpw

Figure 17.26 TTL circuit with 1otem-pole output stage driving N identical TTL stages

maximum collector current. For an output low condition, the current iz, 1s the
load current that @, must sink from the load cireusts.

1145

Example 17.10 oObjective: Calculate the maximum fanout for the output low
condition.
Let § = 25 for the output transistor.

Solution: Translstor (3, to remain In saturation. In Example 179, we calculated the
base curren! into @, as ig, = 2.57mA, The ocutput voltage is vp=0.1V s0 that
vg: = 0.1 + 0.8 = 0.9V. Each individual load current is then

r i 5 = -9
it =1 =—EO— = 1.025mA

-

The maximum collector current in 0, is
ic,dmax) = Big, = Nipy
The maximum fanout, &, is then found as

— ﬁiﬂo — (25)(2-5?)

N =t
i 1025

=627

The number of load cirevits must be an integes, so we round fo the next lower integer, or
N = 62.
With 62 load circuits connected to the output, the collector current would be

ics = Nijyy = (62)(1.025) = 63.55mA
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which is a relatively large value. In most cases, the outpul transistor has a maximom
rated collector current that may limil the mazimum fanout,

Solulion: Maximum rated output current. 1f the maximum rated collector current of
the output transistor is ic,(rated) = 20mA. then the maximum fanout is determined by

.E'(-,,(rated) = NII;_L[
o1

B i trated) _ M

N = e
1025

B =195—=19
by

Comment: In the first solution. the resulting fanout of 62 iz not realistic since the
output kransistor current is excessive. In the second solution, a4 maximum fanoul of 19 is
more realistic. However, another limitation in terms of proper c¢ircuil operation is
propagation delay tme. For a large number of toad circuits connecied to the outpus.
the output load capacitance may be quite lurge which slows down the switching speed 1o
unacceptably large values. The maximum lanout, then, may be limited by the propaga-
tion delay time specification.

Again, Figure 17.26 shows the TTL circuit with N identical load circuits
and the inputs in their low state. The itput transistor is biased in saturation,
and both > and @, are cut off, causing base voltage vz and the cutput voltage
to go high. The input transistors of the load circuils are biased in the inverse-
active mode, and the load currents are supplied through Q25 and Dy, In thss
circuit, the input transistors of the load gates are one-inpul NAND (inverter)
gales, (o illustrate the worst-case or maximum joad current under the high
mput condition. Since the load current is supplied through @, a base current
into 4 must be supplied from Ve through R,. As the load current increases,
the base current through R, increases, which means thatl voltage vg decreases
because of the voltage drop across R;. Assuming the B-E voltage of O, and the
diode voltage across D, remain essentially constant, the output voltage v
decreases from its maximuam value.

A reasonable fanout of 10 or 15 for the high output condition means that
the load current will be small, base current ig will be very smatl, and the
voltage drop across R; will be negligible. The output voltage will then be
approximately two diode drops below V. For typical TIL circuits, the
logic | = Vo value is on the order of 3.6V, rather than the 5V previously
determined.

TYest Your Understanding

[Note: In the following exercises. assume the piecewise linear transistor parameters are
as listed in Table 17.3)

17.42 (a) For the basuic DTL logic circuil, the parameters are as given in Exercise
17.9. Calculate the maximum fanout for the low output condition such that &, remains
in saturation. (b) Repeat part (a) if the rated collector current of @, i ¢ jueq = I5mA.
(Ans. 1) N = 13 (D) N = 13)
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17.13 Consider the TTL circuit shown in Figure 17.24 with parameters as given in
Exercise 17.11, Calculate the maximum fanout for the low outpul. For the low output
condition, assume that the ovtput transistor must remain in saturation. (Ans. N = 76)

17.14 The TTL circuit shown in Figure 17.25 is redesigned such that R, = 6k%2,
R =2%Q, Ry =80k, and Rg = 1.5k Assume that gr = f= 20 and fg = 0.1 (for
cach input emiiter). Calculate the fanout for vy = vy = 3.6V, For the low output con-
dition, assume that the output transistor must remain in satoration. (Ans. N == 60)

na7

Modified Totem-Pofe Output Stage

Figure 17.27 shows a modified totem-pole output stage in which transistor @,
15 used 1n place of a diode. This has several advantages. First, the transistor
pair ¢ and {0y provides greater current gain, which in turn increases the
fanout capability of this circuit in its high state. Second, the output impedance
in the high state is iower than that of the single iransistor, decreasing the
switching time. Third, the base-emitter juncuon of &, fulflls the function of
diode D; therefore, the diede is no longer needed to provide a voltage offset.
In integrated circuits, the fabrication of wransistors is no more complex than the
labrication of diodes,

When the cutput is switched to its low state, resistor R, provides a path to
ground for the minority carriers that must be pulled out of the base of Q4 to
turn the iransistor off, Note that when the output 1 low, with ¢, and @, in
saturation, the voliage at the base of (@, is approximately 0.9V, which is
sufficient to bias (4 in its active region. However, 1he voltage at the emitter
of @, 15 only approximately 0.2V, which means that the current in @ is very
small and does not add significantly to the power dissipation.

V€C =50¥
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Flgure 17.27 TTL chcult with modified totem-pole oulput stage
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17.3.5 Trisiate Qutput

The output impedances of the totem-pole output TTL logic circuits considered
thus far are extremely low when the output voltage is in either the high or low
state. In memory circuit applications, situations arise in which the outputs of
many TTL circuits must be connected together to form a single output. This
creates a serious loading situation, demanding that all other TTL outputs be
disabled or put into a high impedance state, as shown symbolically in Figure
17.28. Here, G| and G are disconnected from the output; the output voltage v,
then measures only the output of logic gate &,.

~--— You 5

-Gl ; g -
TR i) SZ

Q {rerr—— Ioo
i Yo 34

G, o4—

Figure 17,28 Circuil symbalically showing tistate output

The TTL circuit in Figure 17.29 may be used to put the logic output into
high impedance state. When D =35V, the state of input transistor @y is
controlled by inputs vy and vy, Under these ctrcumstances, diode D 1s always
reverse biased and the circuit function s the NAND [unction already
considered.

Figure 17.20 TTL circut with iristale output stage
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When D is driven to a logic 0 state of 0.1V, the low voltage at the emitter
of O, ensures that both @; and @, are cut off, and the low voltage applied te
D, means that I, is forward biased. The voltage at the base of @4 is approxi-
mately 0.8 V, which means that {0 is also cut off. In this condition, then, both
output transistors Q5 and O, are cut off. The impedance looking back into
transistors that are cut off is normally in the megobon range. Therefore, when
TTL circuits are paralleled to increase the capability of a digital system, the
tristate output stage is either enabled or disabled via the D select line. The
output stage on only one TTL circuil may be enabled at any one time.
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Test Your Understanding

[Note: In the following exercise, assume the piecewise linsar transistor parameters are as
listed in Table 17.3]

47.18 For the tristate TTL ¢ircuit in Figure 17.29, the parameters are: Ry = 6k,
R=2kQ Ry =100, By =4k, and Ry = 1k Assume that § = §=20and fp =
0.1 {for cach input emitter). For D = 0.1 V, calculate the base and collector currents in
each transister. (Ans. ig, = 0.883mA, liey | =igr = 2 = s = ice = 0, ipy = LI9pA.
s = NBpA I =iy = 0

17.4 SCHOTTKY TRANSISTOR-TRANSISTOR LOGIC

The TTL circuits considered thus far drive the output and phase-splitter tran-
sistors between cutoff in the high output stage and saturation in the low output
state. The input transistor is driven between saturation and the inverse-active
mode. Since the propagation delay time of a TTL gate is a strong function of
the storage time of the saturation transistors, a nonsaturation logic cireuit
would be an advantage. In the Schottky clamped transistor, the iransistor is
prevented from being driven into deep saturation and has a storage time of
only approximately 50ps.

17.4.1  Schottky Clamped Transistor

The symbol for the Schotiky clamped transistor. or simply the Schottky
transisior, is shown in Figure 17.30(a); its equivalent configuration is

c
C
E E
{a) (b)

Figure v7.30 (a) Schottky clamped transistor symbol and () Schottky clamped Iransistor
equivatent circuit
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Figure 17.31 Schoithy
clamped transistor equivalent
circuit, with cumrents and
voltages
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Ziven in Figure 17.30¢b}. In this transistor, a Schottky dicde is connected
between the base and collector of an npn bipolar transistor. Two character-
istics of the Schottky diode are: a low wrn-on voltage and a fast-swiiching
time. When the transistor is in its active region, the base—collector junction
ts reverse biased, which means that the Schottky diode is reverse biased and
effectively out of the circuit. The Schottky transistor then behaves like a
normal npn bipolar transistor. As the Schottky lransistor goes into safura-
tion, the base—collector junction becomes forward biased, and the base-
collector voltage is effectively clamped at the Schotiky diode turn-on volt-
age, which i3 normally between 0.3 and 0.4V, The excess base current Is
shunted through the diode, and the basic npn transistor is prevented from
going deeply into saturation.

Figure 17.31 shows the equivalent circuit of the Schottky transistor with
designated currents and voltages. Currents ¢ and i, are the coilector and base
currents, tespectively, of the Schottky transistor, while i and ip are Lhe
collector and base currenis, respectively, of the iniernal npn transistor.

The three defining equations for the Schottky transistor are

IE - J:D + J'-(' (IT.IS‘!

ig=ip+ip (17.19
and

ic = Piy (17.20)

Equation {17.20) is appropriate since the internal transistor is clamped at
the edge of saturation. If iy < Bip. then the Schottky diode is forward biased.
in > 0, and the Schotiky transistor is said to be in saturation. However, the
internal transistor is onky driven to the edge of saturation in this case.

Combining Equations (17.19} and (17.20). we find that ’

i : 5 x '

fp=ig—ig=1iy B (1721

Substitutling this equation into Equatien {17.18) yields

r

Ic

=g 5 s {17.22(a))
or
i g+ i
_ (17.22b
CETYAD FEEANN

Equation (17.22{b) relates the internal tramsistor collector current 1o the
exlernal Schottky transistor collector and base currents.

Example 17.11 Objective: Determine the currents in a Scholtky transistor.

Consider the Schottky transistor in Figure 17.31 with an inpu1 base cument of
iy = 1mA. Assume that # = 25. Determine the internal currenis in the Schottky tran-
sistor for i- = 2mA, and then for ip = 20mA.
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Solutlon: For i = 2mA, 1he internal collector current is, from Equation (L7.22{b)),

. 142
o= ———— e = 289 mA
TR "
and the internal base current is

L il 289
— i — :0.
=g =35 =0115mA

The Schattky diode current is thercfore
in=ig—ig=t-0115 = 08BSmA

Repeating the calculations for i- = 20 mA, we cbtain

i = N2mA
st = 0.808 mA
i;;] = 0192 mA

Comment: For a relatively small collector current into the Schottky transister, the
majority of the input base current is shunted through the Schottky diode. As the
collector current into 1he Schottky transistor increases, less current is shunted through
the Scholtky diode and more current Rows inte the base of the npn transistor
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[Mote: In the following exercise, assume the piecewise linear transisior paramelers are as
lisied in Table 17.3. ln addition, assurme a Schouky diode turn-on voltage of
VSD)=10.3V]

17.18 Consider the Schottky clamped transistor in Figure 17.32. Assume g = [0,
Vgglony = 0,7V, and V,(SD) = 0.3V. (a} Fer no load. f = 0. find the currents ip, ig,
and i;-. (#) Determine the maximum load current i, that the wransistor can sink and stilt
remain a1 the edge of saturation. (Ans. (@) i¢ = 3.67mA. ig = 0.367 mA. iy = .63 mA
(b) {;(max)= LE mA)

Vec=3V

Ro=125k

Figure 17.32 Figure for
Exarcise 17.16

Since the internal npn bipolar transistor is not driven deeply into satura-
tion, we assume that the B-E junction voltage remains equal to the turn-on
voltage, or vgr = Vaelon). 1f the Schoutky transistor is biased in saturation,
then the C-E voltage is

ver = Veplsal) = Vagplon) — V(8D) (17.23)

where V. (SD) s the turn-on voltage of the Schottky diode. Assuming parameler
values of Vyg{on) = 0.7V and V,(SD) = 0.3V, the collector-emutter saturation
voltage of a Schotiky tramsistor is Vcg(sat) = 0.4V, When the Schottky
transistor is at the edge of saturation, then iy = 0, ic = Biy, and veg = Vg(sat).
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17.4.2  Schotiky TTL NAND Circuit

Figure 17.33 shows a Schottky TTL NAND circuit in which all of the transis-
tors except (5 are Schottky clamped transistors. The connection of (4 across
the base-collector of 0, prevenis this junction from becoming forward biased.
ensuring that @3 never goes into saturation. Another difference between this
circuit and the standard TTL circuit is that the pull-down resistor at the base of
cutput transistor (, has been replaced by transistor @« and two resistors. This
arrangement is called a squaring netwerk. since it squares, or sharpens, the
voltage transfer characteristics of the circuit.

Device (2, is prevented from conducting until the input voliage 15 large
enough to turn on both O and @, simultancously. Recall that the passive pull-
down resistor on the TTL circuit provided a pathway for removing stored
charge in the base of the output transistor, when the output transistor was
turned off from the saturated state, Transistor (5 now provides an active pull-
down network that pulls @, out of saturation more quickly.

This is one example of a circuit in which the piecewise linear model of »
transistor fails to provide an adequate solution for the circuit analysis. With
the piecewise linear model. (x would apparently never turn on. However,
because of the exponential iclitionship between collector current and base-
emitter voltage, transistor (5 does turn on and does help pull 2, out of
saturation during switching.

The two Schottky diodes between the input terminals and ground act as
clamps to suppress any ringing that might occur from voltage transitions. The
input dicdes clamp any negative undershoots at approximately —0.3V.

The dc current-voltage analysis of the Schottky TTL circuit in Figure
17.33 is similar to that for the standard TTL circuit. One minor difference is
that when the inputs are high and the input transistor 1s in the inverse-aclive

Vl'_(-:ﬁ\"

Ka= 7600

Figure 17.33 Schottky TTL NAND logic circuit
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mode, the B-C forward bias voltage is 0.3 V, because of the Schottky diode
connected between the base and collector yunctions.

The major difference between the Schottky circuit and standard TTL cir-
<uits is the quantity of excess minority carrier storage in the transistors when
they are driven into or near saturaticn. The internal npa transistor of the
Schottky clamped transistor is held at the edge of saturation, and the resulting
propagation detay time is on the order of 2 10 5ns, compared te a nominal 10
1o 15ns for standard TYL arcuits.

A slight difference between the Schottky and standard TTL circuits is the
value of the output voltage in the lopic § state. The low output voltage of a
standard TTL circuit is in the range of 0.1 to 0.2V, while the Schottky tran-
sistor low output saturation voltage, Vo, . is approximately 0.4V, The ouiput

" voltage in the logic 1 state is essentially the same for both types of logic circuits.
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Test Your Understanding

{Note: In the following exercise, assume lhe piecewise linear transistor parameters
are as Listed in Table 17.3. In addition. assume a Schottky diode turn-on voltage of
VASD)=03V] :

17.47 Inthe Schoitky TTL NAND circuitin Figure 17.33. assume Sy = £ = 25 and
Br =0. For a no-load condition. <alculate the power dissipation for: {a) vy =
vy =04V, and (b) vy = vy = 16V, (Ans. £ = 12.5mW (b) P = 32.1mW)

17.4.3  Low-Power Schottky TTL Circuits

The Schottky TTL circuit in Figure 17.33 and the standard TTL circuit dis-
sipate approximately the same power, since voltage and resistance values in the
two circuits are similar. The advantage of the Schottky TTL circuit is the
reduction in propagation delay time by a factor of 3 to 10.

Propagation delay times depend on the type of tramsistors (Schottky
clamped or regular) used in the circuit, and on the current levels in the cireuit.
The storage time of a regular transistor 1s a function of the reverse base current
that pulls the transistor out of saturation. Also, the transistor turn-on (ime
depends on the current level charging the base—emitier junction capacitance. A
desirable trade-off can therefore be made between current levels (power dis-
sipation) and propagation delay times. Smaller current levels lead to lower
power dissipation, but at the expense of increased propagation delay times.
This trade-off has been successful in commercial applications, where very short
propagation delay times are not always necessary, but reduced power require-
ments are always an advantage.

A low-power Schottky TTL NAND circuit is shown in Figure 17.34. With
few exceptions, these circuits do not use the multiemitter input transistor of
standard TTL circuits. Most low-power Schottky circuits use a DTL type of
input circuil, with Schottky diodes performing the AND function. This circuit
is faster than the classic multiemitier input transistor circuit, and the input
breakdown voltage is also higher.
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'l"{-c=5v
[v]

Figure17.34 Low-power Schottky TTL NAND logic circuit

The dc analysis of the low-power Schottky circuit is identical to thay of
DTL circuits.

Example 17.12 objective: Calculaic the power dissipation in a low-power
Schottky TTL circuit.

Consder the crcuit shown in Figure 17.34, Assume the Schoutky diode turn-on
voltage is V {SD) = 0.3 V and the transistor parameters are: Vgglon) = 0.7V, Fefsat)
=04V, and 8 = 25

Solulion: For the low input conditon, vy = vy =04V and vy =04 +03=07V
Current 5, 15
L 507

:‘|=VC';: =S =0215mA

Since @, and @, are cut off with a no-load condition, all other currents in the circuit are
zero. The power dissipation for the low input condition is therefore

Py =i, (Voo ~vy) = (0215) (5 - 0.4) = 0.989mW
For the high input condition, vy = vy = 1.6V, voltage v is
v = Fgelonly + Faplonly, =07 +07 =14V

and voltage vq is

Ve = VFE(OR)Q, + V{'s(ﬂl)az =074+04=11V
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The ¢urrents are 1then

__V(*f—l’|__5"-l.4_
h= R 3 =G mA

and

. V(‘,g_' — 'l'cﬂ 5 - ll
r= == = 0488
i R g 0488 mA

When ver = 1.1 Vand vo = 04V, transistor Q4 is at the edge of turn-on. however,
since there is no voltage drap across Ry, (04 has negligible emitter current. For a no-lead
condition, all other currents are zero. Therefore, the power dissipation for the high input
condition is

Py =it +i)Vee = (0.18 + 0.488) - 5 = 3.34mW

Comment: The power dissipation in this low-power Schottky TTL circuil is approxi-
mately i factor of five smalier than in the Schottky or standard TTL logic gates. The
propagation delay time in the bow-power Schotiky circuit 15 approximately 10ns, which
compares closely with the propagation deldy time [or a standard TTL circut.
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Diodes P; and Dy are called speedup diodes. As we showed in the dc
analysis, these diodes are reverse biased when the inputs are in either a static
logic 0 or a logic | mode. When ai least one input is in a logic O state, the
output is high, and Q, and Q4 tend to turn on, supplying any necessary load
current. When both inputs are switched to their logic 1 state, Q- turns on and
vey decreases, forward biasing Ds and Dg. Diode D helps to pull charge out of
the base of . turning this transistor ofl more rapidly. Diode Dg helps dis-
charge the load capacitance, which means that output voltage v, switches low
more rapidly.

Test Your Understanding

[Note: In the following exercise, assume the piecewise linear transisior parameters are as
histed m Table 11} In addition, assuime a Schouky diode tuen-on voltage of
Y80y =03V

17.18 Assume the low-power Schottky TTL circuit in Figure 17.34 is redesigned
such that R, = 40k and R = 11k, and all other circuit parameters remain the same.
The transistor and diode parameters are: Fyrlont =07V, Vlsat) =04V, 8= 23,
and V,(SDYy=0.3V. Assuming no load. determine the base and collector curvents in
cach transistor. and the power dissipation in the gate, for: (a} vy = vy = 04V, and
1h) Yy = Py = 16V, [AHS. (a) 332 = f(-z = Jlg“ = i:(.., = !'3; = j(_“j =0, ‘B”I = f{*}
=gy =i =0, P=d49TyW (b) igp =90pA, i =I5 A, i =iy =i =i =0,
igs Zips =0 fg, = 415pA. i, =0, P = 208mW)

17.44  Advanced Schottky TTL Circuits

‘The advanced low-power Schottky circuit possesses the lowest speed-power
product with a_propagation delay time short ¢nough to accommodate a large
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number of digital applications, while still maintaining the low power dissipa-
tion of the low-power Schottky family of logic circuits. The major modification
lies in the design of the input circuitry. Consider the circuit shown in Figure
17.35. The input circuit contains a pap transistor {4, a current amplification
transistor 5, and a Schottky diode D- from the base of @, to the input. Diode
D, provides a low-impedance path to ground whett the mpuot makes a high-to-
low transition. This enhances the inverter switching time. The current driver
transistor @, provides a faster transition when the input gos from low to high
than if a Schottky diode input stage were used. Transistor O, provides the
switch element that steers current from R, either to @5 or the input source.

Voe=5V
%R-;:i]ﬂ
Ryi=15kQ <
s gnﬁ
%'m 50 k(2 e
&
Ry=
4.0k}
L
| I'o

Figure17.35 Advanced low-power Schotky (ALS) inverter gate

When vy = 0.4V, the E-B junction of @, is forward biased, and @, 15
biased in its active region. The base voltage of Q, is approximately 1.1V:
Oz, O3, and Qs are cut off; and the output voltage goes high Most of the
current through R, goes to ground through @, so very little current sinking is
required of the driver output transistor. When vy = 3.6V, transistors {7, {1y,
and Qs turn on, the voltage at the base of ¢ is clamped at approximately
2.1V, the E-B junction of (}, is reverse biased, and (2, is cut off.

With fast switching circuits, inductances, capacitances, and signal delays
may introduce problems requiring the use of transmission line theory.
Clamping diodes D, and D, at the input and output terminals clamp any
negative-going switching transients that result from ringing signals on the
interconnect lines.
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Test Your Understianding

[Note: In the following exercise, assume the piecewise linear transistor parameters are as
listed in Table 17.3. In addition, assume a Schottky diode turn-on voltage of
VASD) =0.3V.)

17.49 Consider the advanced low-power Schottky circuit shown in Figure 17.35.
Let ¥ = 5V. Determine the current in &, for: {a) vy =04V, and (b) vy =386V,
(Ans. (a) f; = 97.5pA (b) {; =T25pA)

17.5 BICMOS DIGITAL CIRCUITS

As we have discussed previously, BICMOS technology combines bipolar and
CMOS circuits on one IC chip. This technology combines the high-input-
impedance, low-power characteristics of CMOS with the high-current drive
characteristics of bipolar circuits. If the CMOS circuit has to drive a few
other similar CMOS logic circuits, the current drive capability is not a
problem. However, if a circuit has to drive a relatively large capacitive load,
bipolar circuits are preferable because of the relatively large transconductance
of BJTs.

We consider a BICMOS inverter circuit and then a simple example of a
BiCMOS digital circuit. This section is intended only to introduce this
technology. ’

17.5.1 BiCMOS Inverter

Several BICMOS inverter configurations have been proposed. In each case,
npn bipolar transistors are used as output devices and are driven by a quasi-
CMOS inverter configuration. The simplest BICMOS inverter is shown in
Figure 17.36{a). The output stage of the npn transistors is similar to the
totem-pole output siage of the TTL circuits that were considered in
Section 17.3.

When the input voltage v, of the BICMOS inverter in Figure 17.36(a) is
low, the transistors M, and 0, are cut off. The transistor Mp is turned on and
provides base current to Q so that (; turns on and supplies current to the load
capacitance. The load capacitance charges and the output voltage goes high.
As the outpul voltage goes high, the output current will normally become very
small, so that My is driven into its nonsaturation region and the drain-to-
source voltage will become essentially zero. The transistor Q will essentially
cut off and the output voltage will charge to a maximum value of approxi-
mately volmax) = Vpp — ¥ gglon).

When the input voltage v; goes high, M, turns off, eliminating any bias
current to Q|, so (2, is also off. The two transistors My and O, turn on and
provide a discharge path for the load capacitance so the ocutput voltage goes
low. In steady state, the load current will normally be very small, so My will
be biased in the nonsaturation region. The drain-to-source voltage will
become essentially zero. The transistor @, will be essentially off and the
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®
Figure 17.26 {a) Basic BiCMOS inverter. {b) Improved version of BICMOS invertar

output voltage will discharge to a minimum value of approximately
rplmin) 22 Fge(on),

One serious disadvantage of the inverter in Figure 17.36(a) is that there is
no path through which base charge from the npn transisiors can be removed
when they are turming off. Thus. the turn-oft time of the two npn transistors
can be retatively long. A solution to this problem is to include pull-down
resistors, as shown in the circuit in Figure 17.36(b). Now, when the npn tran-
sistors are being turned off, the stored base charge can be removed 1o ground
through R, or R,. An added advantage of this circuit is, that when v; goes high
and the cutput goes low, the very small output current through Ay and R,
means the output voltage is pulled to ground potential. Also, as v; goes low
and the output goes high. the very smail load current means that the output is
pulled up to essentially Vp, through the resistor ;. We may note that the two
npn oulput (ransistors are never on at the same time,

Qther circuit designs incorporaic other transistors that aid in turning tran-
sistors off and increasing switching speed. However, these two examples have
demonstrated the basic principle used in BiCMOS inverter circuit designs.

17.5.2 BICMOS Logic Circuit

In BICMOS logic circuits. the logic function is implemented by the CMOS
portion of the circuit and the bipolar transistors again act as a buffered output
stage providing the necessary current drive. One example of a BICMOS logic
circuit is shown in Figure 17.37. This is a two-input NOR gate. As seen in the
figure, the CMOS configuration is the same as the basic CMOS NOR logic gate
considered previously. The two npn output transistors and the R, and R,
resistors have the same configuration and purpose as was seen in the
BiCMOS inverter.

Other BICMOS logic circuits are designed in 2 manner similar to that
shown for the BiCMOS NOR gate.
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Figure 17.37 Two-nput BICMOS MOR circuit

17.6 SUMMARY

& This chapter presented the analysis and design of bipolar digital logic circuits, which
were historically the first logic gate technology used in digital systems.

o Emitier coupled logic (ECL) is used in specialized high-speed applications. The basic
ECL gate is the same as the differential amplifier, but transistors are switched
between cutoff and the active region. Avoiding driving transistors into saturation
keeps the propagation delay time to a minimum. The classical ECL gate uses the
diff-amp cenfiguration in conjunction with emitter-follower output stages and a
reference voltage circuit. Both NOR and OR output are available. Although the
propagation delay of this logic gate is short, on the order of a nanosecond, the
power dissipated it the citeuil is rather farge.

e Transistor-transistor logic (TTL) was introduced by discussing Diode-transistor
logic (DTL). The analysis of the DTL circuit introduced saturating bipolar logic
cir¢uits and their characteristics.

¢ The input transistor of the TTL circuit is driven between saturation and the inverse
active mode. This transistor reduces the switching time by quickly pulling charge out
of the base of a saturated transistor. The totem-pole cutput stage was introduced in
order to increase the switching speed of the output stage. The maximum fanout was
determined by specifying that the output transistor was to remain biased in the
saturation region and also by specifying 2 maximum collector current in the output
transistor. Maximum fanout is also a function of the specified propagation defay
time.

» Schoitky TTL was introduced. The Schottky clamped ransistor has a Schottky diode
between base and collector of an npn transistor. When the transistor starts into
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saturation, this diode turns on and clamps the forward-bias base—collector voltage to
approximately 0.3V, thus preventing the tramsistor from being driven deep into
saturation. This effect substantially reduces the turn-off time of the transistor. The
propagaticn delay time of Schoutky TTL, then, is shotter than that of regular TTL.

¢ Low-power Schottky TTL has the same basic configuration as the DTL circuit.
Resistor values are increased so as 10 reduce the currents, which in turn reduce the
power dissipated per circuit. However, since current is reduced, the time to charge
and discharge ciecuit and load capacitances is increased and propagation time
increases. The trade-ofl is between power dissipation and propagation delay time.

¢ BiCMOS circuits incorporate the best characteristics of both the CMOS and bipoelar
technologies. Two examples of a BICMOS inverter were discussed. A basic CMOS
inverter drives a bipolar output stage. Thus, the high input impedance and low power
dissipation of the CMOS design is coupled with the high-cutrent drive capability of a
bipolar oulput stage. An example of a BICMOS NOR logic circuit was considered.

CHECKPOINT

After studying this chapter, the reader should have the ability to:

v Analyze and design a basic ECL. OR/NOR logic gate. (Section 17.1)

v Analyze and design modified, lower-power ECL logic gates. (Section 17.2)

¢ Describe the operation and characteristics of the input transistor of 2 TTL logic
circuit. (Section 17.3)

v Analyze and design a TTL NAND logic gate. (Section 17.3)

V' Describe the operation and characteristics of a Schottky transistor, and analyze and
design a Schottky TTL logic circuit, [Section 17.4)

REVIEW QUESTIONS

1. Skeich a basic bipolar differential amplifier circuit and sketch the dc transfer
characteristics. Explain how the circuit is used in a digitza] application.

2. Why must enutter-follower output stages be added to the diff-amp to make this
circuit a practical logic gate? Explain the operation of the circuit in terms of the
reference voltage.

3. Sketch the voltage transter characteristics of the basic ECL circuit. Describe the
noise margins.

4. Sketch a modified ECL circuit in which a Schottky diode is incorporated tn the
collector portion of the circwt. Explain the purpose of the Schottky diode.

5. Explain the concept of series gating for ECL circuits. What are the advantages of
this configuraticn?

6. Sketch a diode-transistor NAND circuit and explain the operation of the circuit.
Explain the concept of minimum 4 and the purpose of the pull-down resistor.

. Explain the operation and purpose of the input transistor in a TTL circuit.

8. Sketch a basic TTL NAND circuit and explain its operation.

9. Sketch a totem-pole output stage and ¢xplain its operation and the advantages of
incorporating this circuit in the TTL circuit.

10. Explain how maximum fanout can be based on maintaining the output transistor
in saturation when the output is low.

11. Explain how maximum fanout can be dased on a2 maximum rated collector current
in the cutput transistor when the output is low.

12. Explain the operation of a Schottky clamped transistor. What are its advantages?
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13. What is the primary advantage of a Schottky TTL NAND gate compared o a
regular TTL NAND pate,

14. Sketch a low-power Schottky TTL NAND circuit. What are the primary differ-
ences between this circuit and the regular DTL circuit considered earlier in the
chapter?

15. Sketch a basic BICMOS inverter and explain its operation. Explain the advantages
of this inverter compared to a simple CMOS inverter.

16.  Sketch a BICMOS NAND logic circuit and explain its operation.

PROBLEMS

[Note: In the following problems, assume the transistor and diode parameters are as
tisted in Table 17.3 and T = 300 °K, unless otherwise stated.)

Sectlon17.1  Emitler-Coupled Logic (ECL)

171 For the differential amplifier in Figure P17.1, neglect base currents. (a) For
“w=—15V, calculate ig, v, and vgy. (b) For v = 1.0V, calculate iz and vy,,
(¢} Determine R such that the logic { level at vy, is the same as the logic 0 value al vy,.

L

35V 52V

Figurea P17.1 Flgure P17.2

17.2 Consider the circuit it Figure P17.2. (a) Determine R¢ such that v; = —1V when
@y ison and @, is off. (b) For v, = —0.7V, detertnine R such that v, = —1V. (¢) For
¥ip = —0.7V, find vy, and voy, and for v, = 1.7V, find vg, and vy (d) Find the
power dissipated in the circuit for (i} r, = -0.7V and for (i) v, = -1.7V.

17.3 Consider the ECL logic circuit in Figure P17.3. Neglect base currents.
(a) Determine the reference voltage Fz. (b) Find the logic 0 and logic 1 voltage values
at each oulput vy and vy Assume that inputs v, and vy have the same values as the
logic levels at v, and voa.

161
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e ¥ (32

1.7 k2

Figure P17.3

17.4 Consider the circuit in Figure P|7.4. Neglect base currents. Calculate all
resistor values such that the foilowing specifications are satisfied: logic 1 = 10V
and fogic 0 =0V; ¥y is the average of logic 1 and logic 0; ip = 1.0mA when Qp
ison; i =hH =1.0mA; h = 3.0mA when vgp = logic |; and iy = 3.0mA when wyop
= logic 0.

Q4

—C YNOR

Figure P17.4 Flgurs P17.5

175 In the ECL circuit in Figure P17.5, the outputs have a logic swing of 0.60V,
which is symmetrical aboul the reference voltage. Neglect base carrents. The maximum
emitter current for all transistors is 5.0mA. Assume the input logic voltages v, are
compatible weth the output logic voltages. Calculate the resistances of Ry, R, Rg,
R and R,
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I |3 25402
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Figura P17.6

17.8  For the circuit in Figure P17.6, complete the following rable. What logic lunction e
does the circuit perform?

4 B C P Iy Iy Mg ¥

0 0 ¢ L
3V 0 0 a
v 0 5V 0
5Y 5V 5V 5V

17.7 Consider the ECL circuit in Figure PI17.7, The input voltages A4 and & are com-
patible with the output voltages vy and va;. (a) Delermine the reference voltage Vg,
(b} Determine the logic 0 and logic | levels at the outputs vg, and vy, {c) Determine the
voltage Vg for 4 = B = logic 0 and lor 4 = B = logic 1. (d) Determine the total power
dissipated in the circuit for A = B = logic § and for 4 = B = logic L.

—

2k0 2kL2

&
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17.8 A positive-voltage-supply ECL logic gate is shown in Figure P17.8. Neglect base
currenis. {a) What logic function is performed by this circuit, (b) What are the logic |
and logic O values of v; at the output? (¢) When v = logic 9 for one of the thres inputs,
determine iy, I52, i, ez, and »5. (d) Repeat part (¢} when »; = logic 1 for all three
inputs.

+5Y

7t

Section17.2  Modified ECL Circuit Configurations

D17.9 In the circuit in Figure P17.9, the output voltages vg, and vp; are compatible
with the input voltages vy and vy. Neglect base currents. (a) Design an appropriate
value of . State the reason for your selection. (b) Determine Rqy such that when g, is
on, the current in R, is the same as the current in Dy. (¢} Determine Re; such that when
Q, is on, the current in Rey is the same as the current in [},. (d} Calculate the power
dissipated in the circuit when vy = logic 0 and v, = logic 1.

Figure P17.8

V(_"C= 15 v

Figure P17.9

17.10 Consider the circuit in Figure P17.10. Neglect base currents. (a) What are the
logic [ and logic O voltage levels at the output terminals vy and vg,? (b} When
vy = vy = logic 0, the current ig is 10 be 0.8mA. Determine Rg. (¢) Using the results
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fsl Rg 3_
=30V
Flgure P17.10

of part (b), determine R, such that ip; = Rz when Oy is conducting. (d) If R; = Ry,
determine iy and ip; for @ and (% conducting. (e) For vy = vy = logic |, calculate the
power dissipated in the citcuit.

17,11 For the circuit inv Figure P17.11, agsume transistor and diode parameters of
Vig(on) = 0.7V and ¥, = 04V. Neglect base currents. Find iy, d, 45,4, ip. and vy
for: (a) vy=vy=—04Y, (B) vy =0, vy =-04V, ic} vy=-04Y, v, =0,
(d} Py =¥y = 0.

Q Vo

-2V

s ) o -0V

-3V
Flgure P17.11

1712 Assome the inputs 4, B, C, and D to the circuit in Figure P17.12 are either 0 or
2.5¥. Let the B-E tum-on voltage be 0.7V for both the npn and pap trassistors.
Assume B = 120 for the npn devices and = 50 [or the pnp devices. (a) Determine
the voltage at ¥ for: () A=B=C=D=0, and (ii}) A=C=0, E=D=25V.
(b) What logic function does this circuit implement?
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A

Figure P17.12

17,13 The input and output voltage kevels lor the circuit in Figure P¥7.13 are com-
patible. {a} What are the logic 0 and logic 1 voltage levels? (b) What are the logic
functions implemented by this circuit at vy, Vo2, and vg3?

17.44 Consider the circuit in Figure P17.14. (a) Expizin the operation of the circuit.
Demonstrate that the citcuit functions as a clocked D flip-flop. (b) Neglecting base
currents, il ipe = 50 pA, caleulate the maximum power dissipated in the circuit.

R R
L —
R 4 ol
D 02V
gy 02V
1 .
ey M1
l’"‘" ﬂlfm]$ Jea e
3V av
2 =02V CLOCK 09V
}oc 05 tpc | | foc
2V ’ v =3y

Figure P17.13 . Flgure P17.14
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Section17.3  Transistor-Transistor Logic

17.95 In Figure Pi7.15, the transistor current gain is J = 20. Find the currents and
voltages iy, /3, iy, and v' for the input conditions: (i) vy = vy = 010V, and (ii} vy =
'l-’y = SV

Figure P17.13 Figure P1716

17146 Figure P17.16 shows an improved version of the DTL circuit. One offset diode is
replaced by transistor @, providing increased current drive to Q,. Assume g = 20 {or
both transistors. (a) For vy = v = $V, determine the currents and voltages listed in the
figure. (b) Calculate the maximum fanout for the low output condition.

1717 For the modified DTL circuit in Figure P17.17, calculate the indicated currenis
in the fipure for vy = vy =35 Y.

17.18 For the transistors in the TTL circuit in Figure P17.18, the parameters are §r =
20and 8, = 0. (a) Determine the currents iy. i, iy, iy, ig, and ig; for the following input
conditions: (i) vy =vy =01V, and (i) vy = vy =5V. (b} Show that for vy =
vy = 5V, transistors @y and @, are biased in saturation.

Ry=
222k

— Vi)

Figure P17.17 Figure P1T.18
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1719 Reconsider the ciccuit in Figure P17.15. (a) Calculate the maximum fanout for
the outpur fow condition for the condition that ¢, remains in saturation. (b) If the
maximum collector corrent in ¢ is limited to 3 mA, determine the maximum fanowt for
the low cutput condition. &

17.20 In the TTL circuit in Figure P17.20, the transistor parameters are S = 20 and
Br=0.10 (for each input emitier). () Calculate the maximum fanout for v, =
vy =5V, (b) Calculate the maximmum fanout for vy = vy =0.1V. (Assume vy is
allowed 1o decrease by (.10 V from the no-load condition)

VCC‘: v Ve sv
AZ o Rc.v‘% k02
!" 1 [
Vm = QI QS [Pt ki
Qo
Rps 1%
Figure P17.20 Figure P17.21

17.21 For the TTL circuit in Figure P17.2(, assume parzmeters of gy = 50, g = 0.1,
Fpelon) = 0.7V, ¥pp(sat) = 0.8V, and Fep(sat) =0.1 V. Determine the power dissi-
pated in the circuit (a0 load condition) for (a) Vi, = €1V and (b) ¥}, =5V,

17.22 Consider the basic TTL logic gate i Figare P17.22 with a fanout of 5. Assume
transistor parameters of 8z = 50 and By = 0.5 (for each input emitter). Calculate the
base and collector currents in each transistor for: (a) vy = vy =vz=10.1V, and
B vy =vp=vz=35V

+5V

Flgure P17.22
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17.23 For the transistors in the TTL circuit in Figure P17.23, the parameters are ff =
100 and 8 = 0.3 {for each input emiiter). (a) For vy = vy = vz = 28 Y, determine i,
igz, and fg. (b) Fot vy = vy = vz = 0.1V, determine g and i for a fanout of 5.

17.24 A low-power TTL logic gate with an active pnp pull-up device is shown in
Figure P17.24. The transistor parameters are §y = 100 and Bg = 0.2 (for each input
emitter). Assume a fanout of 5. (aYFor vy = vy = vz = 0.1V, determine ig, ig. i3, (3.
and i. (b) Repeat part (a) for vy = vy =vz =2V,

+2BV

Figure P17.23 Figure P17.24

Section17.4  Schottky Transistor-Transistor Logic

12.28 Consider the Schotiky transisior gircuit in Figure P17.25. Assume parameier
valwesof B = 50, Vgelon) =0.7V,and ¥, = 0.3V for the Schottky diode. (a) Determine
5, Ip, Iz, and Vg, (b) Remove the Schottky diode and repeat part (2) assuming
additional parameter values of Vyg(sat) =08V and Vigisat) =1V,

1p
—M-_.lff
Re 21
=i
Iy .
Re & 10K Vee 775V
+
Vm_-l- 58V

Figure P17.25

17.26 Consider the Schottky TTL circust in Figure 17.33. The transistor parameters
are Br =30 and fg = 0.1 (for each emitter). (2} Determine all base currents, collector
currents, and node voliages for vy = vy =0.4V. (b) Repeat part {(a) for vy =

1168
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17.271 A modified Schottky TTL NAND pate is shown in Figure P17.27. The current
gain of all trapsistors is 8 = 50. (a) With alt inputs high and only one load connected, (;
18 biased in saturation and igp = i~ = 0.5mA. Delermine the values of Ry and Rpy.
{bt) With all inputs at logic O and with ons load circuit, calculate vg;, v, and all base
and collector currents. (c) With all inputs at logic | and with one load cireuit, calewlate
vai. ¥eq, and all base and collector currents. (d) Determine the maximum fanout for a
low output state.

¥

0 -

%4551
Wxa d.1 kLl

—1

2;

F
Os
I |
1Sk % 4.0kQ

1

Figure P17.27 Figure P17.28

17.28 A low-power Schottky TTL logic circuit is shown in Figure P17.28. Assume a
transistor current gain of B = 30 for all wransistors. (a) Calculate the maximum fanout
for vg = vy = 3.6V, (b} Using the results of part {a). determine the power dissipated in
the circuit for vy = vy = 3.6V,

17.23 For all transistors in ihe drcuit in Figure 17.35, the cwrent gain is 8 = 50.
(a) Calculate the power dissipation n the circuit when the input is at logic 0.
(b) Repeat part {a) when the input is at logic 1. {¢) Calculate the output short-circuit
current. {Assume the input is a logic 0 and the output is inadvertently shorted to
ground )

Section17.5  BICMOS Digital Circuits

17.30 Consider the basic BICMOS inverter in Figure 17.36{a). Assume circuit and
transistor parameters of ¥pp =3V, K, = K, =0.1mA/VE, Vi = +08Y, ¥pp=
~0.8V, and g = 50. (a) For v; = vp = 2.3V, determine the current in each transistor.
(b) If the current calculated for (2, were charging a 15 pF load capacitance, how long
would it take to charge the capacitance from 0 to 5 V? (¢) Repeat part {b) for the current
in the ransistor M.

17.31  Repeat Problem 17.30 for the BiCMOS inverier shown in Figure 17.36(b).
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COMPUTER SIMULATION PROBLEMS

17.32 Consider the modified ECL logic cicoui in Figure 17.17. Using PSpice. generate
the voliage transfer charactenstics and determine the power dissipation. Invesiigate the
transfer characteristics at several temperatures.

17.93 Using PSpice, generate the voltage transfer charactenstics of the DTL logic
circnit shown in Figure 17.20.

17.34 Repeat Problem 17.32 for the TTL togic cireuit in Figure 17.27. In addition,
investigate the propagation delay ume af this TTL circuit for one load circuit and for
five load circuits connected to the output.

17.35 Repeat Problem 1734 for the low-power Schoutky TTL NAND logic circuit
shown in Figure 17.34,

o p—_ ; ayE B AU TSR, ,

DESIGN PROBLEMS v

*p17.38 Design an ECL R-5 flip-fiop.

*D17.37  Design an ECL series gating logic circuit. simlar 1o the one shown in Figure
17.16, that will implement the logic functions: {a) ¥ =[4+(H-O). and (b} ¥ =
[(4+ 8) (C+ D)

*D17.38 Design a clocked D flip-flop, using a modified ECL circwit design. such thai
the output becomes valid on the negative-going edge of the clock signal.

*P17.39 Design a low-power Schottky TTL exclusive-OR logic arcuit.
‘017.40 Design a TTL R-S flip-flop.
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Physical Constants and Conversion

Factors

General Constants and Conversion Factors

Angstrom A
Boltzmann's consiant k
Electron—vaoh e¥
Elecirosic chacge ¢org
Micron pm
Mil

MNapometer nm

Parmittivily of free space &,
Permeabiliny of free spact gy,
Planck’s constant b

IA=10"pm=10Fcm=10"m
E=130 %1077 1‘,'K =86x 1077 eV/K
le¥=16x10""]

g=16x 107%C

Tpum =W %m=10""m

lmil =0.001 in. = 234 pm .
Inm=10"m=10"" pm = 10A

¢, = 8.85 x 10”"* Fjem

4y =47 % 107 Hiem

h=6625x 1073 )=

Thermal voltage Vi Vp = kT /g = 0.026 Y at 300°K
Velocity of light in free ¢ ¢=2998 % 10'°cm/s
space
Semiconductor Constanis
Ge GaAs Si0,
Relative dhelecinc constant 1.7 16.0 131 39
Bandgap energy, £,(¢V) 1.1 066 b4
Intrinsi¢ carrier concendration, 1.5 % 10" 14 x 107 18 %10

. {cm™ ar W00 °K)
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Introduction to PSpice

B.0 PREVIEW

Several computer software packages enhance electronic analysis and design.
SPICE, an acronym for Simulation Program with Integrated Circuit Emphasis,
is by far the most widely used computer simulation program for elecronic
circuits. The program was first developed by the University of California at
Berkeiey in the mid-i1970s. The original version was used on mainframe com-
puters, but many upgrades have been developed, including versions written For
the personal computer. These programs are generally referred to as PSpice {the
prefix P denoting the personal computer). Relatively simple and inexpensive
PSpice versions, generally referred to as student versions, are availabie,

The 8.0 student version from MicroSim Corporation was used in this text.
More sophisticated programs included in SPICE, such as a Moate Carlo ana-
lysis, are not usually available in the student versions. However, this version is
adequate for conducting basic PSpice analyses of tramsistor circuits. As men-
tioned in the Preface, the computer simulation should be used in conjunction
with hand analyses and to fine-tune a circuit design.

Electronic circuit design generally begins by systematically combining
various subcircuils, using relatively simple mathematical models of transistors.
These models enable the designer to determine if the circnit can potentially
meet the required specifications. However, a complex IC design generally
requires a computer analysis that incorporates sophisticated device models.
This prefabrication phase of the design process is important because any
changes in the IC design after fabrication are expensive. A computer simuta-
tion can minimize design errors.

This appendix is intended to provide a basic description of PSpice. A {ew
examples ate included to illustrate various simulation analyses. The references
listed in Appendix E wil! provide much more comprehensive descriptions of
PSpice, as well as more detailed model parameters of diodes and transistors.

8.1 INTRODUCTION

There are three major programs to this version of PSpice: Schematics, PSpice,
and Probe. Schematics is the program that lets you draw the circuit on the
screen. PSpice is the program that analyzes the circuit created in Schematics
and generates voltages and currents. The combination of Schematics and
PSpice climinates the need to create a netlist before an analysis can be

15758
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Appendix B

performed. Probe is a graphics program that generates plots of specified circun
parameters such as currents and voltages.

The description in this appendix assumes that the software has alveady
been inslalled.

B.2 DRAWING THE CIRCUIT

To begin, open the Schematics program. A blank page may appear or the page
may have a gnd that looks like engineering paper. At the top of the page 15 1
menu bar. Drawing the circuit begins by selecting components from a library.
Resistors, inductors, capacitors, and power supplies are available. In addition,
a farge number of standard transistors, op-amps, and digital components are
available.

The mouse is an important tool in drawing the circutt. A single click selects
an item, either a menu item or a device in the circuit. A double¢ click with the
left mouse buiton performs an action, such as editing a selection or ending an
operation. To drag a selected item, click on the item with the left mouse button,
and then, holding the button down, drag the item to & new location. Release
the button when the item has been placed.

The steps in drawing a citcail are as follows:

[. A component s chosen from the Get New Part menu. Drag the component
to the drawing board and place it in an appropriate position.

2. The component may be rotated or flipped by using the Edit menu to place
the item in the proper otientation.

3. Components can be wired together by choosing Wire from the menu. The
cursor will change to a pencil shape. Click the left mouse button with the
pencil on one terminal of a device and drag the pencil Lo the terminal of
another device. Double click to end this mode of operation.

4. Components can be relabeled by clicking on the item label (such as R, L,
or Q). An Edit Preference Designator box will appear. Type in the new
fabel and click on the OK.

5. The attributes of the iterns can be changed by clicking on the item value
(such as 1K, 10pF, etc.). A Set Atiribute Value box will appear. Type in the
new value and click on the OK button.

6. Be sure 1o inchude a ground connection in the circuit.
7. Save the schematic.

B.3 TYPE OF ANALYSIS

The Setup command from the Analysis menu allows you to choose the type of
circuil analysis 1o be performed. The most common types of simulations are de
bias point, dc sweep analysis, ac sweep analysis, and transient analysis.

The de bias point analysis calculates all the dc nrodal voltages and also
calculates all electronic device quiescent values. This analysis includes deter-
mining transistor quiescent currents and voltages. As part of this analysis, the
small signal parameters are determined for the clectronic devices.

The dc sweep analysis involves allowing the voltage of a particular source
to vary over a range of values with a given increment. The current through a
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particular component or the voltage at a given node can then be measured as
the sousce voltage changes. This analysis can be used in diode or transistor
circuils to determine the “proper” dc voltages that need to be applied. _

The ac sweep anaflysis performs a frequency analysis of the circuit by
varying the input signal frequency over a range of values with a given incre-
ment. A linear, decade, or octave frequency scale can be chosen. This analysis
can be used 10 determine the bandwidth of an amplifier.

The transient analysis determines the circuit response as a function of time,
The start and end times as well as the time increment can be chosen. This
analysis cap be used to determine propagation delay times in digital circuits,
for example.

8.4 DISPLAYING RESULTS OF SIMULATION

Probe is the program that allows the simulation results to be graphically dis-
played. A voltage level or current level marker is placed at the point in the
circuit where the voliage or current is (o be measured. To use Probe, select Run
Probe {rom the Amnalysis menu. From the Probe setup options, Probe can be
automatically run after a simulation. Probe wiil open with an initial graph in
which the axes are aulomatically set.

B.5 EXAMPLE ANALYSES

The lollowing three examples illustrale the various types of analyses.

Example B.1 Objective: Determine the dc operating point and the de transfer
characleristics of a diode circuil.

The de bins voltages will be determined for the eircuit in Figure B.1 for an input
voltage of 2V, and then the output voltage will be measured as the mput voliage is
swept between —2 and +6 V. Standard IN4002 diodes are used in the circuit.

Y
R, o ,/D
L — ? P‘,
1R 1N4002 Ly
(N4002
x + RI 240

5"in 2V =¥,
=0

Figure B.1 Diodecircuitfor Example 8.

DC Analysis: The results of the de analysis with the input voltage set at 1V show that
the output voltage is 1.625 V, which means that the diode D, is reverse biased. Listed in
Table B.] are the quiescent currents and voltages of the two diodes. As indicated, the
curtent and voltage of the diode D, are for a reverse-biased diode.

1
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Table B.A Quiescantdiode parameters for Example B.1

NAME D_p1 b_D2
MCDEL DIN4OOQ2 DIN4CO2
ID 8.13E-04 -1.42E-08
vD 5.62E-01 -3.75E-01
REQ 6.31E+01 4.35E+09

DC Voltage Sweep: The dc sweep analysis was chosen (rom the Setop command in
the Anslysis menu. The input voltage V> was set to sweep {rom ~2 10 +6 V. A voliage
level marker was placed at the output node, as shown in the figure, to measure the
output voltage. The Probe pogram was set to run automatically after the simulation.

Figure B.2 shows the analysis results. The output voltage begins to increase when
the input voltage 15 approximaiely 0.4V, indicating that the diode D, has begun to
conduct. When the wmput voliage reaches approximately 4.5V, the output voliage
tends to reach 2 maximum value, indicating that diode £ has turned on. Since the
outpul voltage is not exactly a constant, this result shows that the voltage across the
diode does increase slightly as the current through the diode increases.

3o T T 7 ;
Foi¥)

25

20

05

. 1 1 | | | |
0— e -l oo 1.0 0 30 40 50 (3]

v, (V)

Figure B.2 DC vollage transter characteristics of the diede circuitin Exampla 8.1

Example B.2 Objecive: Determine the input resistance and small-signal vollage
gain versus frequency of a common-emitter amplifier.

This analysis is an example of a steady-state sinusoidal frequency analysis.

A common-emitier circuit is shown in Figure B.3. A standard 2N3904 npn bipolar
transistor is used in the circuit. A 10mV, 1 kHz ac signal is initially applied au the input.
The input coupling capacitor is 1 uF, the output load capacitor is 15 pF, and the emilter-
bypass capacitor is 1 kF. which means that it is essentially a short circuit to all signal
curremis and voltages.

DC Analysls: A dc analysis was initially performed (o ensure that the bipoiar transis-
tor was biased in the forward active region, The model parameters of the N394
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Flgure B.3 Figurefor Example B.2

iransisior and the quigscent characteristics of the transistor are listed in Table B.2. The
guiescent collecror current is 0.577mA and the quiescent coliector-emiiter voltage is
.11 ¥, which means that the transisior is indeed biased in the forward active region.

Input Resisiance: A current level matker was placed at the node of the input voltage
source. With a | kHz, 10mY input signal applied. the input current was measured Lo be

TableB.2 Model parameters and quiescenicharacteristics ot the transistor in
ExamplaB.2

Model parameters Quigscent characteristics
Q2N3904
NPN NAME Q01
LS 6.734000E-15 MODEL Q2N3904
BF 416.4 ie 4.59E-06
NF 1 IC 5.77E-04
VAF 74.03 VEE &.51E~01
IKF 06678 VBC -1.46E+Q0D
ISE 6.73400QE-15 VCE 2.11E+00
NE 1.259 BETADC 1.26E+02
BR L1371 GH 2.21E-02
NR 1 RPI 6.58E+03
RE 10 RX 1.00E+31
RC 1 RO 1.31E+45
CJE 4,493000E-12 CBE 1.31E-11
KJE .2593 £BC 2.61E-12
cJc 3.038C00E~12 CJs Q.00E+00
MJC . 3085 BETARAC 1.46E+02
TF 301.200000E-12 CBX ¢.00E+00
XTF 2 FT 2.25E+08
VTF 4
ITF + 4

TR 239.500000CE-09
XTB 1.5

7%
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2.03uA. The input resistance is then found to be .93k This agrees very well with
calcalated values of Ry [|R;llr,. The value of r, is given in Table B.2.

AC Sweep Analysis: The frequency of the input signal source was swept from | Hz to
160 MHz with 100 data points calculated per decade of frequency, The magnitude of the
cutput voltage, pletted on a log scale, is shown in Figure B.4(a) for the case when a
L5 pF capacitor is included in the output. The lower corner frequency, which is a func-
tion of the coupting capacitor, is approximately 30 Hz, and the upper corner frequency,
which is a function of the load capacitor, 15 approximately 30 MHz. The midband
vollage gain is (0.83 V)/(0.0]1 V) = 85.

The frequency response for the case when the load capacitance is set equal to zero is
shown in Figure B.4(b). The upper corner frequency is now a result of the transistor
capacitances and the effective Miller capacitance. The (ransistor capacitances were
determined for this transisior during the de analysis and are listed in Table B.2.

1.9

T T i ]
Vo
1 |—' |
100 =
30

»

0 l 1 . L | L |
I0Hz 10Hz 1100 Hz 1.0kHz 10kHz 100kHz 10 MHz 10MHz 100 MHz
Frequency
(a)
1.0 T ] I ] o I
Vl!
300 - -
100 — 2
30 -
10 | 1 =7 | I l !
10Hz 10Uz 100Hz 10kH: 10kHz 100kHz 1.0 MHz 10MHz 100 MH:
Frequency
(B}

Figure B.4 Ouipul voltage versus frequency for the circut in Example B.2: {a) koad
capacitance is 15pF and (b) load capaciiance is 2810
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Example B.3 Objective: Determing the transient response of cascaded CMOS
nverters.

A series of three CMOS inverters is shown in Figure B.5. The mput veltageisa 3V
pulse lasting 400ns. Capacitances are shown ai the cutput of each inverter. These
capacitors model the transistor capacitances as well as any interconnect capacitance,
The capacitance values are larger than typical IC capacitance values, but are used to
illustrate this type of analysis.

oI
e (I T ]
M‘._l : |_'1-H ve 9 Pﬁi—l/@ o
v, M'H_— CJ_ L{I;-_ CzJ_}pF I:T::J_ Cl::spF
[, 10 I ]

Figura B.5 CMOQS inverter circuitin Example B.3

The voltages at the cutputs of the second and third inverters, Vo and V3, were
measared as a function of time. These curves are shown in Figure B.6. This wype of
measuremnent is useful in determining prepagation delay times. Al the midpoint voltage
of 2.5¥. there is a delay between the vollage of the third inverter compared to that of
the second inverier. These time delays are referred to as propagation delay times and are
important parameters in digital circuits.

5.0
Ouigut (V)

10

0

24 =
§.0 3
I 1 |
0 0.2 04 {6 0.5 1.0

Time (s)

Figure BS Volaga versus time at the outpuls of the second and third inverters of the
circult for Example B.

1M
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Selected Manufacturers’ Data Sheets

This appendix contains data sheets representative of transistors and op-amps.
This appendix is not meant as a substitute for the appropriate data books. In
some cases, therefore, only selected information is presented. These data sheets
are provided courtesy of National Semiconductor.

CONTENTS

1. INI222 npn Bipolar transistor
2. INIOT pnp Bipolar transistor
3. NDS%410 n-Channel enhancement-mode MOSFET
4 LM741 Operational amplhifier

1183



1184

Appendix T

P2 National

syndwy esoding |R1usD) NdN YZTTZLANWYZZZZNANETZINZZZIZD SN2 L ONWETTINAITZZZNT

Semiconductor
2N2222 PN2222 MMBT2222 MPQ2222
2N2222A PN2222A MMBT2222A
¢
e
E
| TO-18 TO-92 TO-236
Eg o ([SOT-23)
NPN General Purpose Amplifier
Electrical Characteristics v, « 25 °C uniess oinerwise noted
symbol | Farurnue: Win | Mex Units
OFF CHARACTERISTICS
ViBRICED Collecior-Emitier Breakdown Vokage (Nate 1)
{lg=10mA, Ig =0} a2z A v
2272A 40
ViBRICBO Collsctor-Bage Breakdown Vollaga
(lc = 10pA. Ig = 0} 200 60 v
22824 75
YenEeso Emitter Base Breakiown YVolade
(g = 10k, ig = 0) 2222 50 v
ZZIDA 6.0
ey Caliector CutoH Cunent
(Ve =60 ¥, Veporm =30 W) 20028 10 na
Iceo Collacior Cutotl Curment
Voa =50 Y. lg=0) o0
(Voe =80V, lg=0} ggﬁ 0.01
Veg=S0 Y, IE= G Ta = 150°C) o L] ks
{Vea =60 ¥. IE=0,Ta = 150°C) 20204, 10
iepo Emitter Cutoll Curren|
(Vee = 0.0V, 1= 22224 10 nA
TR Base Cutolt Current
{Voe = &0 V. Vepjorrn = 3.0 prisd | 20
O CHARACTERISTICS
heE DC Curen Gain
{c =01 mh, Ve =10V) 3%
flc= 1.0 MA Vee = 10 V) 5
flg = 10 mA, Veg = 10 ¥) 75
{lc = 10 m&, Yeg = 10V, Ta =55 °C) B
{Ic = 150 mA, ¥oE = 10V {Note 1) 100 300
{Ic = 150 mi, Vcg = 1.0 V) (Note 1} 0
{ho = 500 M&, ¥og = 10V) (Note 1) 2222 v
22224 "

Hoiey 1 Putbe Tesl Pulns Wiith < 300 s, Dty Cycle <2.0%




222UPNZ2ZI2/MMB T2Z22MPQZI22/2M2222APNZZZ2AMMBT 2222A NPN Goneral Purpose Amphfier

Selected Manufaciurers’ Data Sheets

NPN General Purpose Ampilfier (Continved)

Electrical Characteristics 1. =25 < uuess stharwite noted (Continusd

symbol | Parsmter win | max [ une
ON CHARACTERETICS (Coninuad)
VOE taal) Cobactor-Ermither Saturation Volage {Note 1)
{lg = 150 ma, la = 15 mAj} o o4
- % PrreTy 03 .
(i = 500 ik, kg = 50 mAj 220n 18 W
2202A 1.0
VBE ) BaseEmitier Sahration Yolmps (Note 1)
(e = 153 mA, ip = +5 mi) 2950 08 13
x = 22z2h 0B 12
(le: = 500 ma. \a = 50 may e 28 W
2202A 20
SMALL-SMNAL CHARALTERISTICS
i Currant Gadn—Bandwidih Froduct (Mote 3)
{lc = 20 ik, Vicg = 20 Y, = 100 MHZ) ) 250
Z22A L] Mz
Crbo Curpurt Capacitance [Note 3)
(Vop= WV, lg =0, 1 = 100 KHZ} §9 oF
Cioo Input Gapaciance {Nobte 3)
Ve =05 Y, 4= 0,1 = 100 WHix) 2229 L
22224 5 F
n'Ce Culigctor Base Tima Consiari
{lg = 20 mA Vo= 20V 1 =118 MHT 22124 150 ps
KF Hoise Figurs
(o= 100uA, Vog = 10V, Rg = 10K, t= 1.0 kH2) 222h 10 da&
Follg) Real Part of Common-Emittar
High Fraquancy ingut impedance
(L = 20 mA, Vg = 20 V, 1 = 300 MHZ) o0 0
SWITCHING CHARACTERISTICS '
[ Dty Time: (Voo = 30V, Vegorm = 0.5V, aKcept 10 ns
' P Tire lg = 180 mA, Iy = 15 mA] MPQ2222 25 s
13 Storaps Time f¥oc= 0V, i = 150 MA, eucap] 5 i
& Fall Time Int =az = & mAY MRz 60 ng

Mobe 1: Fulse Tast Pulps WASRH = 300 us. Duly Cycha s 2.0%.
Kok ¢ For chamesarytien cunvar, soe Procsss 10,
Nols 3 Iy i definad an he equinty M wiich hy, surapoluies io uny.

18s
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Appendix C

WA National
4 Semiconductor
2N2907 PN2907 MMBT2907 MPQ2907
2N2907A PN2907A MMBT2907A
(]
e %;j? i gt
E 1 L8 8 E
TO-18 TO-236 TO-116
(SOT-23)
PNP General Purpogse Amplifier
Eiactrical Characteristics 1. - 25°C wes stmerwse noted
Symbol Frsustet I wm | v [ vois
OFF CHARACTERISTICS
ViBced Coofmcioe-Emitver Braaleiown Voltage (Mot 1)
(I = 10 mAdc, kg = 0} 2607 & i
29074 50
Vipmceo Coloctor-Sass Broakdown Volags
i = 10 4 Adc. g =0) & v
ViRmens Emine: Base Bmakdown Yollaps
fle = 10 yAde, i = D} 50 Vdc
[+ ] Cokecior Cutoll Cumant
(Ve =30 Yde, Vpg = 0.5 Vi) 50 A
ceo Cosecior Curoll Cument
{Vca = 50 Ve, g = 0) 2007 0.020
(Vop = B0 Yae, Ig =D, Ta = 150°G) %‘ “';;‘:' amac
2907TA 10
In Besn Cutolt Current
[Vee = 30 Ve, Vg = 0.5 Vach 50 ey

Jelduy e50ding [RUT) dNd V062 LBWN/Y L0EZNA/VLOGTNT/ L00ZDdWLOGTLAWIVLGETNALOBENT



2N290TPN290TMMMBT2007/MPQ2007/2N290T A/PH2907T AIMMB TZ90TA PNP General Purpase Amplitier

Sclected Manulfacturers’ Data Sheeis

PNP General Purpose Ampiifier (Coninued)

Electrical Charactari8tics 1. - 25 <C unisss otemwise noted (Continued)

Symbol | Parsmeter

| win | wax | unie
ON CHARACTERISTICS
beE DC Curreni Glain
{Ig = C:1 mAdC, Vg = 10 Viac) %07 -
VOTA 5
{ig = 1.0 mAdc, Vg = 10 Vic) 2007 50
2007 A 100
fic = 10 mAdc, Yo = 10 Vide) 2007 75
2907 A 100
e = 150 mide, Ve = 10 V) (Nobe 1) 100 00
il = 500 made, Vioe = 10 Vidc) (Mot 1) 2807 30
26074 50
VeE (s Cotlecior- Emittar Sahuration Voltage iMote 1)
e = 150 A, Ip = 15 nwhic] 04
{i¢ = 500 mAdc, Is = 50 mAdc) oo vt
VBE jsai) Baga-Emiter Sarmaion Volage
{lc = 150 mAGC, lg = 15 MAL), (NOts 1) i
{Ig = 500 MADE, bg = SOmAC) g Ve
SMALL-ZMONAL CHARACTEREETICS
fr Curtren Gain—Bancwiah Product
1k = 50 mAdc, Vo = 20 Vac, | = 100 MHz) 200 HHz
Gt Outpul Capacilance 80 oF
Wep = 10V, g =0, 1= 100 kM42) ¥
Cipar Input Capechance 30 -
(Ve = 20Vac, e O, 1 = 100 kHZ}
SWITCHING CHARACTERISTICS
Loa Turm=On Tina A% "]
(Vo = 30 VG, Ic = 150 maic, Excapl
a Cntay Tirve loi = 15 mACo) WPCH07 10 vy
* Fise Time 40 m
o Tum-Of Time 100 ns
; Voo = 6.0 Ve, b = 150 mide, Except
" Storage Tima len = lga = 15 mikdc) MPQ2B07 o na
L) Fal Time: k1] na

Hols | Pulps Todt: Pulle Wom 5 300 ps, Duly Cycle 5 20%.
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DA National
4 Semiconductor

NDS9410
Single N-Channel Enhancement Mode Fileld Effect Transistor

Geaneral Description Faatures

These N-channed enhancement mode power field + 7.0A, 30V. Rpgion; =0.03 0

eftect transistors are produced using Nalionafs o .
proprietary, high call density, DMOS technolegy. * Rugged intemal sourca-drain diode can eliminate
lailored lo minimize or-stale resistance, provide — SUPPIessor

superior swilching performance, ard withstand high | 4 - ; .

energy pulses in the avalanche and commutalion mwcﬁggf&? (32 miBonin?hor
mades. Thess devices are particulardy suited lo low
voltage applications such as lapiop computer power  + High power and current handling capability in a
management and other baftery powered circuits  widely used surtace mount pa &

where fast switching, low in-line power loss, and

resislance lo iransients are needed. . %mﬁcwgmmmm spacified at
0
D
o
D
a
S
s
ABSOLUTE MAXIMUM RATINGS 1 - 25°C uniess atherwise nated
Symbol | Parametsr NDS$S410 Unita
¥pes Drain-Source Voitage 0 v
Vpgn | Orain-Gale Voitage (Rgg < 1 M0} 30 v
Nass Gate-Soyrce Vollage 20 v
Ip Drain Currenl — Continuous & T, =25°C 7.0 A
- Conlinuwous & Y, =70°C 5.8 A
— Puised 120 A
Fp Maximum Powsr Dissipation & Ty, = 25°C 2.5 jvate1) w
TTsre | Operaling and Siorage: Temperalure Range -55 to 150 °C
THERMAL CHARACTERISTICS
Rgall) mﬁma}ame Junction-to- Ambient 50 ol 1} AV
Roge | Jermal Reslelance Junclioerto-Ambieot 00 W




Selected Manufacturers’ Data Sheets

ELECTRICAL CHARACTERISTICS {Tg = 25°C unlmss othersise noled)

Y ORI etuniting board.
2. JROre K miend el bt

Symbol | Parameter [ conattions [ i [ Tye | Max | units
OFF CHARACTERISTICS
B¥pge | Dran-Source Breakdown Vas =0V Ig= 250 gA 3 v
Yoltage
lngs Zaro Gate Voliege Drain Yiog =24 ¥, 2 A
Cument Vgg =0V Tg=125°C 25 ph
logsr | Gate-BodyLeakage, Forward | Vag =20V, Vpg=0V 100 | nA
laser | Gate—Body Leakage, Reversa Veg=-20V, Vpg =0V ~100 nd
ON CHARACTERISTICS (MNote 3)
Vagm | Gate Threshold Vottage :.'Us ;s:;ﬁsh 1 14| 3 v
e [Te=125c|l 07 | 1 22 v
Apsiony| Statc Drain-Source Vag =10V, oo0zz | o003 o
On-Resistance Ip=70A
|Tg=125°C 0.033{0045 | Q
Vgg =45V, 003|005 | o
[ ipmae fre=125°C 0.045 | 0075 | @
Ioiony | On-State Drain Guirent | Vgg = 10V, ¥pg=5V 20 A
Vg =27V . Vpg= 27V 7.7 A
9Fs Forward Transconduciance Vps=15V.lp=2.0V 15 5
DYNAMC CHARTACTERISTICS
Ciss Input Capacitanca Vpg =15V, Vgg= 0V, 1250 pF
Coss | Output Capacilance 1=1.0MHz 610 oF
Crss | Reverse Transfer Capacitance 260 pF
SWITCHING CHARACTERISTICS (Nots 2)
Ipgony | Tum-On Delay Time Vpp=25V.I5=1A 10 K1 ng
t, Tum-On Rise Time Vaen= 10V, Agen =602 15 LT ns
toiorr | Tum-Of Dalay Time 7 150 ns
1 Tum-Ofl Fall Time 0 | 140 | ne
Qg Total Gate Charge Vpg= 15V, , 41 50 nC
s Gals-Sourcs Charge Ip=20A Vgg=10V 5 =P =
Qg Gale-Drain Charge 12 nG
DRAIN-SOURCE DIODE CHARACTERISTICS AND MANIMUM RATINGS
Ig Maxtinvam Continuous Ovain=Source Diode Forward Curmrant 2.2 A
ELvﬂn Drain-Source Dicce Forward Vg =0V, Ig = 2.0 A (Note 3) 076 | 11 v
Vollage
by Revarse Recovery Time Vag =0V, Ig =2 A dig/t =100 Aks 100 ns
Nc:“u'.mu P s Bl thommal Dok Ot M A kTN, BT i 10 o] DUbad 3 BUIVANG 10 SIS T8 S0 LBING & Sghe-sided

3 Pube Tast: Puibe Wit € 300 y5, Duly Ot 52 0%

il ;1 2 i wiing g ot with

it i
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Appendix C

TYPICAL ELECTRICAL CHARACTERISTICS

g & Vog =108 ] |
= ; 1 I
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5
O
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Vg DRAN-SOURCE WOLTAGE {v)

Figure 1. On-Region Characteristics
AR L)

2 I t:;s::a

u% -

ﬁ'@ 16 vag a5y
-
T4 ]
i o
g5 12
YRR
&
E% a8 e

go.s

S0 -25 0 25 S50 75 100 125 150

T, JUNCTION TEMPERATURE (°C)

Figure 3. On-Aesistanca Variation with
Temperature
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Figure 5. Tranafer Characteristics
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Selected Manufacturers” Data Sheets

aNational Semiconductor

LM741 Operation Amplﬂiar

General Description

This LM741 soxries am goneral purpose Opdrational arnpiloes
which tealure improved padormance owar Indhusiry standards
ke e LHM709. Thiy ane Swad), plugein feghacomens tor the
708G, LM201, MG1436 and 740 in most appications. The
amplfiers offér many leatures which make el applcaon
nearty tooprool; oweeload protection on the inpot and oulpat,

ne laich up whan the common Mode range i axcaaded Q& well
a3 tresdom Trom osciRations.

The LMFAICALMTHIE are dentical tr e LM7AULMI 414
excupl that he LMP4TCLMT41E have their pedommancs
guarantésd over 8 0 °C # «70 °C dnpaeatuns 1anges, insteed
of =55 “Clo «125'C.

Schematic Diagram — (See Figure 13.) in texi)

Offset Nulling Chrewit
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Appendix C

Absolute Maximum Ratings
LMT4IA LM7S1E LWT41 LMTIC
Supply Vollaga +22V 22 22V 1BV
Power Digsipation 500 ¥ 00 v SO0 A 500 m
Diffarential Wput Volago £30W 30V 30N £330V
Inpu Violinge [Nl 2} 15V IIEs sV HEY
Oulput Shorl Circurt Duralion Continuous Conbinuwous Contirwcus Conlinugus
Operating Tempadature Range =55 °C 10 +125 °C DoC o +70°C 55 °C i 4125 °C 035G 10 +7D °C
Slorage Temperature Fange -5 +150°C 455 *C 10 +150°C —§5°C 1o +150 °C 85 507 1o 4150 °C
Junction Temmperatue 150 °C 100 G 150 °C 100 °C
Electrical Characteristics
LM7S 1 ALMT4TE LA741 LM7aiG
Paramater Conditions Units.
Min | Typ | Max | Min | Typ | Max | Min | Typ | Max
Inpul Ofisel Vokage Ta=25C
Ag s 10 k0 14 50 20 &0 my
Ag = 5011 na 30 my
Tasah & Ta = Taguax
RAs 5504 4.0 my
RAg ¢ 10151 6.0 75 mYy
Avarage Inpot Offtset
Drift 15 G
Inpust Offsat Vetags w257 = i
k;‘m",;mg, Eaminih Namtety 10 115 #5 v
Ingrl Ofteal Curtrent Ta225C ap 30 20 | 2 0 200 A
Tanan 5 Ta 5 Tapian Y 85 | s00 0 nA
Avorage lnput Ot
Crason Dt 08 r narC
Inpun Bigs. Cureront Tax25°C a | a0 | & | 500 g0 | 500 nA
Tapem S Ta £ Tapax 210 18 [i}:] A
Input Resisiance Tan25°C, Vg =120V 10 |6Q 03 20 03 0 LY
T, 5 Ta & Tammx, ;
Vert20V a5 L
Inpul Voage Rangs Ta=25°C +2 | =13 L)
Tapam 5Tt Taman 312 | 112 W
Large Signal Yohage Ta=25°C, A 22 k0 !
Gain V5220V Vo= tI5Y | 5D vimv
Vg =21V, ¥o=sWV 1] 200 20 200 Wmy
Tagums 5 Ta ¥ Tagax,
Fy 22k
Ver 2PV Vg e 215V az vimy
V=115V, ¥ =210V 25 15 Vimy
VameSV Vp=12¥ 10 yimy
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Electrical Characteristics costinved)

LM741ALMT4NE LM741 TIC
Faramster Conditions Unks
Nin | Typ | Max [ Min | Typ | Max | Min | Typ | Max
Ounpa Voltags Swing Vem 220V
ALz 10k 116 v
AL =22 +18 v
Vgu 115¥
A2 10 kD 212 { t14 12 | t14 v
R = 2k} 0 ;913 +10 | +13 v
Outpul Short Clrcull Tam 380 10 25 <3 a5 25 mA
Currant Taman 5 Ta s Tanax 10 40 mA
Common-tdoce Tamity 5 T S Tantax
RAejechon Pabic Fs s W ki, Vo m H12 Y 0| w0 F) 1] o
Ag < BOLL Ve =112V B0 | 95 o2
Supply Yoltage Repeclion | Taame s Ta s Tauaax
RAatn V=a220Vio Vg miSY
Rg 25051 % | % ab
Rz <100 b rl 36 v ] dB
Transient Fesponse T, = 25 *C. Unily Gain
Fse Tirme 025 | 08 0.3 03 ps
Ovarshogl 61 24 5 5 %
Bardwidth Ta=25-C 0437 | 15 MHz
Slkaw Rale Ta = 25 °C, Unity Gam 03 | o7 05 3.5 Wiy
Supply Currsnt Ta=25"°C 1.7 2R 17 28 A
Fowet Consumpacn Tax25°C
Vg = 120 ¥ 8 150 mi
Vg =215V 50 5 50 a5 mvi
LMT4 1 Mg = <20V
Ta = Ty 165 mw
Taw Taspux 135 mw
LM741E Vg = 120 ¥
Ta = Tapan 150 i
Tq F ] me 15 mw
LMT41 Vs =158 Y
Ta = Tanint 80 | 100 mw
Ta = Tapiax a5 | 78 v

hote 2! FOr Supply vtaDas beas Than +715 ', ths atraohubs i rm nput wofkags & squal 1o the supply witage
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Standard Resistor and Capacitor Values

In this appendix, we list standard component values, which are used for select-
ing resistor and capacitor values in designing discrete electronic circuits and
systems, Low-power carbon and film resistors with 2 percent to 20 percent
tolerances have a standard set of values and a standard coler-band marking
scherne. These tabulated values may vary from one mapulacturer to another,
so the tables should be considered as typical.

D.1  CARBON RESISTORS

Standard resistor vatues are listed in Table D.1. The lightface type indicates 2 TableD.1 Standard
percent and 5 percent tolerance vahues; the boldface type indicates 10% toler- esistance values (x10)

ance resistor values. * Tq :e g :_3’ f:st
Discrete carbon resistors have a standard color-band marking scheme, Ié ;} 3 s B
which makes it easy to recognize resistor values in a circuit or a parts bin, {3 22 6 % %

without having to search for a printed legend. The color bands start at omeend 15 24 39 &2 100

of the resistor, as shown in Figure D.1. Two digits and a multiplier digit
determine the resistor value. The additional color bands indicate the tolerance
and reliability. The digit and multiplier color-code is given in Table D.2.

For example, the first three color bands of a 4.7kS2 resistor are yellow, —
violet, and red, The first two digits are 47 and the multipher 15 100. The first _ ™ Reluability
three color bands on a 150k resistor are brown. green, and yellow. ";33"1: i[ff \ (optional)
Ten percent tolerance carbon resistors are available in the following power Mu,spﬁ" Taberance
ratings: 4, 4, 1, and 2W. T

Silver 1L0%
Nope 20%

Figure B.1  Color-band

fp—

NN

Tabie 0.2 Digitand multiplier color code

i i natation of low- carbon-

Digit Color Muaitiplier Number of zeros » nrem
Silver 0. -2
Gold ol -1

] Black } L]

1 Brown 1] I

p Red 100 P

3 Crange Ik 3

4 Yellow 1k 4

b Green 100k 5

[ Bloe M [

1 Violed oM 7

3 Giray

9 White

1195
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Appendix D

D.2 PRECISION RESISTORS {ONE PERCENT TOLERANCE)

Metal-film precision resistors can have tolerance levels in the % percent to |
percent range. These resistors use a four-digit code printed on the resistor
body, rather than the color-band scheme. The first three digits denote a
value, and the last digit is the multiplier for the number of zeros. For example,
2503 denotes a 250k resistor, and 2000 denotes a 200 Q resistor. If the resis-
tor's value is too small to be described in this way, an R is used to indicate the

decimal point; for example. 37RS is a 37.5Q resistor, and 10R0 is a 10052
resistor.

The standard values typically range from 102 to 301 k2. Standard values
in each decade are given in Table D3

Table D.3 Standard precision resistance values

100 140 196 1714 383 536 750
102 142 200 280 a9 549 768
105 147 205 257 42 562 8’7
107 150 210 204 412 576 206
110 154 15 01 422 590 825
113 158 221 309 432 604 845
115 L6 126 36 442 619 7]
113 165 232 324 453 634 887
§21 169 137 132 464 649 09
124 174 143 KETV) 475 663 31
127 178 49 s a7 681 253
130 182 255 57 499 698 276
k32 i87 26l 365 51 715 .
i37 1 a7 374 23 732

One percent resistors are often used in applications that require ¢xcellent
stability and accuracy; a small adjustable trimmer resistor may be connected in
serigs to the | percent resistor to set a precise resistance value. It 1s important 1o
realize that | percent resistors are only guaranteed to be within 1 percent of
their rated value under a specified set of conditions. Resistance variations due
to temperatyre or humidity changes, and operation at full rated power can
exceed the | percent tolerance.

D.3 CAPACITORS

Typical capacitor values for L0 percent tolerance capacitors from one manu-
facturer are listed in Table D.4. The range of capacitance values for the
ceramic-disk capacitor is approximately 10pF to 1¢F.



TableD.4 Ceramic-disk capacitors

13

3

6

6.8

7.5

3
I
12
13
1%
20
22
pr !
15

m

30
13

150
150

200
220
240
250
270
300
330
350
30
390
400
470
500
510
560

600
€80
750
500
820
S10
1400
1200
1 304
1504
1600
1800
2000
2200
2500

2700

M0
3300
4000
4300
4700

5600
6800
7500
R200

Tantalum capacitors { x10%) {to 330 uF}

0.0047
LEL A
00068
L0082

{010
012
0015
0018

0.022
0.027
04032
0039

Standard Resistor and Capacitor Values
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Reading List
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PWS Publishing Co., 1997,
Colclaser, R. A; D, A, Neamen; and C. F. Hawkins. Electronic Circuit
Analysis: Basic Principles. New York: John Wiley and Sons, Inc., 1984.
Gaussi, M. S. Elecrronic Devices and Circuits: Discrete and Integrated. New
York: Holt, Rinehart, and Winsion, 1985.

Hambley, A. R. Elecironics. New York: Macmillan Publishing Co., 1994

Hayt, W. H., Jr; and G. W. Neudeck. Electronic Circuit Analysis and Design.
2nd ed. Boston: Houghton Mifflin Co., 1984.

Horenstein, M. N. Microelectronic Circuits and Devices. 2nd ed. Englewood
Cliffs, NJ: Prentice Hall, Inc., 1995

Horowitz, P; and W. Hill. The Art of Electronics. 2nd ed. New York:
Cambridge University Press, 1989.

Jaeger, R. C. Microelectronic Circuit Design. New York: McGraw-Hill
Companies, Inc., 1997,

Malik, N. R. Efectronic Circuits: Analysis, Simulation, and Design. Englewood
Cliffs, NJ: Prentice Hall, Inc., 1995,

Maure, R. Ergineering Electronics. Englewood Cliffs, NJ: Prentice Hall, Ing.,
1989.

Millman. 1.; and A. Graybel, Microelectronics. 2nd ed. New York: McGraw-
Hill Book Co., 1987

Mitchell, F. H.. Jr; and F. H. Miichell, Sr. Introduction io Elecironics Design.
2nd ed. Englewood Cliffs, NJ. Prentice-Hall, Inc., 1992,

Rashid, M. H. Micreelectronic Circuits: Analysis ard Design. Boston: PWS
Publishing Co., 1999,

Roden, M. S.; and G. L. Carpenter. Electronic Design: From Concept to
Reafity. 3rd ed. Burbank, CA: Discovery Press, 1997.

Sedra, A. S.; and K. C. Smith. Microelectronic Circuits. dth ed. New York:
Oxford University Press, 1998.

LINEAR CIRCUIT THEORY

Alexander, C. K.; and M. N. O, Sadiku. Fundamemals of Electric Circuiis.
Boston: McGraw-Hill Companies, inc., 2000.

1w



1200

Appendix E

Bode, H. W. Network Analysis and Feedback Amplifier Design. Princeton, NJ;
D. Van Nostrand Co., 1945.

Hayt, W. H., Ir.; and J. E. Kemmerley, Engineering Circuit Analvsis. 4th ed.
New York: McGraw-Hill Book Co., 1986.

Irwin, J. D; and C-H. Wu. Basic Engineering Circuit Analysis. 6th ed. Upper
Saddle River, NJ: Prentice-Hali, Inc., 1999

Johnson, D. E.; 1. L. Hillburn; ). R. Johnson; and P. D. Scott. Basic Elecrric
Cireuit Analysis. 5th ed. Englewood Cliffs, NJ: Prentice Hall, Inc., 1995.

Nilsson, ). W.: and 8. A. Riedel. Electric Circuies. 6th ed. Upper Saddle River,
NJ. Prentice-Halt, Inc.. 2000.

SEMICONDUCTOR DEVICES

Neamen, D. A. Semiconductor Physics and Devices: Basic Principles. 2nd ed.
Homewood, IL: Richard D. Irwin, Inc., 1997.

Streetman, B. G. Sofid Siate Electronic Devices. 4th ed. Englewood Cliffs, NJ:
Prentice Hall, Inc., 1995,

ANALOQG INTEGRATED CIRCUITS

Allen, P. E; and D. R. Hoberg. CMOS Analog Circuit Design. New York:
Holt, Rinehart, and Winston, 1987.

Geiger, R. L.; P. E. Allen; and N. R. Strader. VLS{ Design Technigues for
Analog and Digital Circuits, New York: McGraw-Hill Publishing Co., 1990,

Gray, P. R.; and R. G. Meyer. Analysis and Design of Anclog Integrated
Circuits. 3rd ed. New York: John Wiley and Sons, Inc., 1993.

Johns, D. A.; and K. Martin. Analog integrated Circuit Design. New York:
John Wiley and Sons, Inc., 1997.

Laker, K. R.; and W. M. C. Sansen. Design of Analog Integrated Circuits and
Systems. New York: McGraw-Hill, Inc., 1994,

Northrop, R. B. Analog Electronic Cireuits. Reading, MA: Addison-Wesley
Publishing Co., 1990.

Soclof, S. Design and Applications of Analog Integrated Circuits. Englewood
Clifls, N): Prentice Hall, Inc., 1991.

Solomon, J. E. “The Monolithic Op-Amp: A Tutorial Study,” IEEE Journal of
Solid-State Circuits S$C-9, No. 6 (Decemnber 1974}, pp. 314-32.

Widlar, R. J. “Design Techniques for Monolithhic Operational Amplifiers,”
IEEE Journal of Solid-State Circuirs SC-4 {August 1969), pp. 184-91.

OPERATIONAL AMPLIFIER CIRCUITS

Barna. A.; and D. L. Porat. Operarional Ampiifiers. 2nd ed. New York: John
Wiley and Sons, Inc., 1989,

Berlin, H. M. Op-Amp Circuiis and Principles. Carmel, IN: SAMS, A division
of Macmillan Computer Publishing, 1991,

Coughlin, R. F.; and F. F. Driscoll. Operational Amplifiers and Linear
Integrated Circuits. Englewood Cliffs, Ni: Prentice Hall, Inc., 1977.

Graeme, J. G.; G. E. Tobey, and L. P. Huelsman. Operational Amplifiers.
Design and Applications. New York: McGraw-Hill Book Co., 1971,



