Problem Solutions

Chapter Five: Transistor-Transistor Logic

~

P5.1. For the unloaded RTL inverter of Figure 5.82, determine the value of the input voltage for
which VQUT = V[N.
Solution. This occurs with the output voltage greater than Vgga, so the transistor will be forward

active. Therefore

Vi =V
Vour =Vee - [—&'E—Bﬂ]ﬂﬂ{c-
B

But

VOUT =V A{e] that

Viv =V
Vin =Vce —(%jﬂﬂao
B

Solving,

 Vee +VspBeRc /Ry 5.5V +0.77 (70)3kQ2)/ 7.5k

=0.87V .
1+ B,R./R, 1+(70)(3k€2)/ 7.5k

N

P5.2. For the unloaded RTL imnverter of Figure 5.83, Viy = 1.1V as shown. No load gates are

connected.
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V=11V

Figure 5.83.

2 Determine the mode of operation for the transistor.
b. Determine the supply current Icc.
c. Determine the output voltage Vout.

Solution. Ifit is assumed that the transistor is forward active, then

LW 07V
B 7.5k

=0.053mA4,

I ={(650.053mA)=3.4mA, and .

Vour = 5V - (3.4mAY2kQ) = ~1.87.

* This is not possible so the starting assuinpifion was incorrect and the tr_apsist_pr will be saturated.

a. saﬁnéﬁoﬁ .
57 -01V

b. ICC =——2k—Q—=2.4H’LA 5 and

C. VOUT =0.1V.

P5.3. For the RTL NOR gate of Figure 5.84, the inputs are 2s shown. Assume N=35.



B
1.2V SkQ

Figure 5.84.

a. Determine the mode of operation for each of the three transistors.
b. Determine the supply current Iqc.

c. Determine the output voltage Vour.

ouT

B, = 60
Vggn = 0.7V
Vges = 0.8V
Vegs = 0.1V

Solution. Ifit is assumed that all three transistors are forward active,then —____ .

ITec=Ic)+1cy+1cs
1.2V -0.7V 0.9V -0.7V 1.3V =0.77V
=60 + ~+
SkQ . 5K0 S5kQ

):15.6mA'

However, the maximum current which can flow in Reis

5V —0.17
I =2 T2 3 5mA
CCmax = 0

_ Therefore, the transistors will all saturate. . -
a. All of the transistors will saturate.

b. Ico =%11=3.5mA, and

C. VOUT = OlV
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P5.4. For the RTL NOR gate of Figure 5.85, determine the maximum fan-out assuming that the

minimum valie of the high noise margin in 0.1V.

L Ve =33V

ouT

Figure 5.85.
Solution. The maximum fan-out is the largest integer satisfying

R, (Vee—Vass)

Vcc ~Vies = Ve (min) -

BeRe
N, . =< , , Or
e RV iy (00 n Vee =Vees
RB ﬁF
— /
337 087 — 0.1V 0.76kQ(3.37 - 0.17)
Vo< ~ (70)024Q) o9,
MAX = (024kQ)0.17} , 3.3V —0.I¥ i
0.76kC2 70
_ Therefore
NMAX = 29 .

P5.5. Consider the RTL gate shown in Figure 5.86.
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-

Vge = 3.5V
RC
1kQ
R, _ ouT

B, =70 ’

Ve = 0.7V

Vges = 0.8V
- Vees = 0.1V

_‘ Figure 5.86. |
a. Use SPICE to ceilc':ulate and plot the unloaded VTC for this gate.
b. Hand calculate the unloaded‘VTC, and plot it on the same graph as the SPICE results.
Compare the SPICE and hand calculations.
Solution. The inverter was assumed to be unloaded.
a.  For the SPICE simulation, the emission coefficients were assumed to be unity and the
saturation current was estima’ged assuming that the base-emitter voltage of 0.7V corresponds to

an emitter current of 1 mA. Hence

1073 4

5= =2.0x1071 4.
exp(0.77/0.0267)

b.  The critical voltages were hand-calculated as follows:

Vy =V =07V, «
, Ry(Wee =Vegs) - 4kQ(3.57 - 0.17)
Vig =Vpps + =08V = 0.997,

. +
BrRe (70)14<2)
Voo =Veps =0.17, and
VOH = VCC = 35V .

The SPICE and hand—calcuiated voltage transfer characteristics appear in Figure 5.117.
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4
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o
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Vin (V)

Figure 5.117.

P5.6. Consider the unloaded RTL gate of Figure 5.87.

—_—

Ve = 3.3V VBEA=.O'7V
Vges = 0.8V
Vegs = 0.1V
Be=70
pr=0.5
C,go = 0.3 pF

out ¢:=08V
mg = 1/3
Cio=015 pF
0c = 0.75V
me = 1/2
e T 0.2ns
TR=95ns

V= 3.3V

Figure 5.87.

a. Estima'tecthe satln‘atio'n delay.

b. Estimate the rise time.

c. Bstimate the low-to-high propagation delay.
Sohﬁio:n.

a. The saturation time constant is



.ii_'z;;.ns_istor:Transistor Logic
o aplerragra) _ 0986(02ns +(0333)5ms)
ST o apag 1-(0.986)0.333)

i

Z./Rs .

The saturated base current is

VeV _337-087 i
2 Ry 5k

During the saturation delay, the base current is

_0-Vggg  0-08V

IBR = =—'Ol6m.r4

Ry 510
The collector current at the edge of saturation is

Vee =Vegs 3.3V —0.17

J - =1.6mA.
CEOS Re 25Q mn
The saturation delay is therefore
—ty=r15h Tor —Ipr =2.7nsn 0.5mA ~(-0.16mA) =3.5ns
Icgos! Br —1Isp ) 1.6mA/70-(~0.16md) ) =

b. For the calculation of the rise time, the base-collector voltage starts at +0.7V and ends up at —

2.6V. Therefore the average value of the base-collector capacitance for the rise time calculation

18

B l-m 1-
Co = Crco®c ([ Vaca) © 1 Ve e
BC — ( L ¢C

Vacr =Vaca XL =mg) S .
| _ (O-ISPF)(OTSV) ( ~ _2"'6V]0-5 —( ) 0.7y ]0,5 . : S
S -2\ omr ) Tomsr) |T004F

The base current during the rise time is

IB (ave) _ OHRVBEA = O —- O'?V
B 2

=-0.14mA.

The rise time is
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t IcposTr +|AV3 cch\ (1.6mA)0.2ns +|(- 2.6V - 0. 77 )0.104 pF } e
T 15 (ave)] [~ 0.14m4] .

¢. The low-to-high propagation delay 1s

-

s .
=5.8ns.

f
tPLH —Z‘S +‘—=3 Sns +

..4

P5.7. Consider the unloaded RTL gate depicted in Figure 5.88.

Ve = Vgea = 0.7V
S

. -
V= 5V cas = 0.1V
I By = 50
1 kQ Br=05

Figure 5.88.

a. Estimate the delay time.

b. Estimate the fall time.

. Estimate the high-to-low propagation delay.

a To determine the delay time, we must frst calculate the average base current, and the average

<

values of Cgg and Cgc. The base voltage rises from zero 1o 0.7V so the average base cuurrent 18

Vee —Vapa!2 33V =07V /2
Rp 5KQ

Ig(ave) = =0.59m4.

The base-emitter voltage increases from zero to 0.7V so the average value of the base-emitter

-

capacitance 18
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- I- 1-m
o CEofE ’(1 Ve ) i _(1 _Vag ] e
BE = Vap —Vap2 \l-mg) k O J

0.667
__(03pF)o.87) ﬂl_o-ﬂ’) _1']=o,386pF
(0-0.77)0.667)|\ 0.8V

L -

The base-collector voltage starts at —5V and ends up at —4.3V at the end of the delay time.

Therefore the average value of the base-collector capacitance for the delay time calculation is

1-m 1-m,
Cae = Cucofc [1 N VBCZ) ¢ _[1 Ve j “|
(Vsc1 = Vea 1= m) I gc be ) -

~ (0.15pF)0.75%) ?1_—4.3Vj°'5 _(1_ % JO‘S 00559 0F
T E (4 os)| U 07 o7sv) |

The delay time is therefore

Veea(Cae +Cpc) _ 0.77(0.386 pE+ 0.0559 pF )

I~ =
b Ip(ave) 0.59mA4

= 0.52ns .

b. For the calculation of the fall time, the base-collector voltage starts at 4.3V and ends up at

+0.7V. Therefore the average value of the base-collector capacitance for the fall time calculation

1s

’ 1-m l-m,
Cpe = Ccofc (1_ VBCZJ 3 _(1_ VBCI] c
~ Veci—Vaco i-me)|U . éc ) il )

PR 0.5 05 o
(0.15pF)0.757) KI 0-7V) _(1_‘4'3Vj }:0.105pF

"4 - (0.77))0.5)| U 0757 0.75V

Also

Vec ~Veps SV =01V
R 1kQ

[CEOS = 4977’114.,
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and for the fall time calcxﬂation,

Vec —Vaea _ 5V -0.7V

Ip(ave) =
p(ave) z, e

=1.43m4.

Therefore the fall time is

o= Icpostr +8VpcCae
Ig(ave)

) (4.9mAY0.2n5)+ (0.7 - (-437)Y0.104pF ). 1.00ms

1.43mA
c. The unloaded high-to-low propagation delay is therefore

1.00ns

=1.02ns .

r
tppL =1p +—25—=o.52ns+

P5.8. Consider the RTL mverter of Figure 5.89 with a lumped capacitive load.

Figure 5.89.

<

s Estimate the saturation delay.
b. Estimate the low-to-high prop agation delay.
Solution.

a. The saturation time constant is

Voga = 0.7V
sEs = 0.8V
Vegs = 0.1V
Be = 70

Br = 0.5

Cieo = 0.3 pF
be = 0.8V
me = 113
Cio = 0.15 pF
b = 0.75V
me = 112

1 = 0.5ns

1R = 5ns
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_ap(tp +agrg) _ 0.986(0.5ns +(0.333)5ns)
l-apap 1-(0.986)0.333)

Tg =32ns .

The saturated base current is

_Vec—Vags _ 5V 0.8
Ry 1540

IBF = 0287}1A . B

- During the saturation delaﬂl, the base current is

0—Vpzs  0—0.8V
Ry 15kQ

=—0.053m4.

The collector current at the edge of saturation is

Vee —Vegs SV 0.1V
73

=1.63mA4.
Rc

Tcros =

The saturation delay is therefore

- : A ,7 " (L .
ts=fsh{ Ipr —Igp sz.Znsln( 0.28mA - (- 0.053mA) szm
Icgos ! Br —Iar 1.63mA/70~(~0.053mA)

b. The low-to-high prop agafion delay is

tpry =tg +ReCp 2= 4.7ns + (3kQ)Y15pF )In2 = 35.9ns .

11
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P5.9. For the RTL inverter of Figure 5.90 with 2 lumped capacitive loa

low-to-high propagation delay as a finction of Cv.

Voo =5V Voen
Re Be = 70
3 kQ iéa
ouT e
E
o}

d, determine and plot the

@ JCO

IN Qo L ¢C
Rg me = 112
10 kQ . TF = 0,5 ns
- = 5ns

Figure 5.90.

Solution. The satu;ation time constantis

) ap(cp +agTR) _ 0.986(0.5ns + (0.333)5m8) _ 3 opg -

VOOV T —

ST T 1-arag - (0986)0-333)

The saturated base current is

Vo —Vns SV =08V
IBF=_,C£§_JES_=§%§Q§T—=0_42,”A_
B

During the saturation delay, the base current 18

I =&-l@£=tﬂ=_o,ogmA,
BR.S - Ry 10k

The collector current at the edge of saturation 18

. <

Vee ~Vess _ 5V =0V _1 63md.

I =
CEOS Ao 30

The saturation delay is therefore

tg = TS.ln Igr —Ipr —39nsln 0.42mAd—(= 0.08mA)
IR [ 53mAl 70 - (-0.08m4)
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The low-to-high propagation delay is
tprg =ts +RcCyIn2=5.0ns+Cp(2.1ns/ pF).

The results are plotted in Figure 5.118.

40

W
Q
1

tpun (ns)
N
o
1

10 A

C. (pF)

Figure 5.118.

P5.10. Consider a three-stage ring oscillator as shown in Figure 5.91, constructed usiﬁg

DTL inverters as shown in Figure 5.92.

LTS PR TN

Figure 5.91.
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Ve = 3.3V
Vp=0.7V
Vigga = 0.7V
Re Vigeg = 0.8V
5kQ Vees = 0.1V
B.=70
Br=0.5
Cio=04pF
o = 0.8V
me = 1/3
OUT Cyp=02pF
b, = 0.75V
}/ me=1/2
C .=0.3ns
!\AQO 15;[: x=10ns
D1
. Ry
8 kQ

+

- Figﬁre 5.92.

a. Using hand calculations, estimate the oscillation frequency for a three stage
ri;g'_ ;s_c;illatc;r constructed using these gates. Assume that'each stage is loaded —
by 15 pF. |

b. Using SPICE, determine the oscillation frequency' for the same three stage
ring oscillator.

Soluti_on.

a. The saturation time constant is

] ' : ap(tp +agty) ;"'0.9'86'(0;.3'?{&4(Of'333)10ns') ins
ST l—arpag 1-(0.986)0.333) '

‘The saturated base current is

Igp = Vec —Vpea =Vp VBES _Vees

Ry +Ry ! B ~Rp
_ 3.3V -0.77 -0.77 - 0.8V 0.8V
© 175K +2KQ/70 6k

=0.48m4
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During the samratioﬁ delay, the base current is

=-0.133mA.

O_VBES B 0-0.8V
IER = R - 6102
D

' The collector current at the edge of saturation is

_ L ) VCC =, VCES _ 33V -0.1V

= =(0.64mA.
Re S5KQ

Tcpos =

The saturation delay is therefore

RS (RN 5707 i S P 0.48mA — (- 0.133m4) )_7%‘
L T 0.64md/70—(-0.133md4))

The low-to-high propagation delay is
tpryy =ts+RcCpIn2=17.7Tns+(SkQf15pF)in2 = 60ns .
Assuming tp; y >> tpyy, the three-stage ring oscillator should oscillate at a frequency

1 1 1
f = ~ =; =5.6MHz .
tpyy +tpur) 3Stpry  3(60ns)

b. "The results of the SPICE transient simulation are shown in Figure 5.119; the

frequency of oscillation is 9.6MHz, or 70% higher than the calculated value.
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0 —
0.E+00 1.E-06 2.E-06 -
t (s}

Figure 5.119.

P5.11. Consider the DTL gate of Figure 5.93 with a lumped capacitive load.

Figure 5.93.

a. Using SPICE, determine and plot tpLy VErsus CL.
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b. Using SPICE, determine and plot tpyy, versus Cy.

c. Determine and plot the average propagation delay versus Cr.

Solution. The results are shown in Figure 5.120.

_ 100
:, tory
o
| te
E’ —
= 10 -
tomL
| 1 '
5 . 10
CL(pF)
Figure 5.120. -

P5.12. Consider the TTL inverter illustrated in Figure 5.94.

Ve =5V
S B =70

Be = 0.1
Vg = 0.7V
Vges = 0.8V
=04V

VCES

ouTt

Figure 5.94.

15
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Determine Vir, Vid, VoL, and Vou.

b. Determine P, Py, and the average DC dissipation.

C.

Determine I; and Im.

Solution.

a. The critical voltages are

VIL = VBEA - VCES = O7V— 0.1V = 0.6V )
—

VIH = VBE —VCES = 08V - OlV = O7V .

——

VOL = VCES =0.1V 5 and

Vor

=VCC =5V

b. The dissipation is given by

P, =

_ 5V[sV —0.7V -0.8V N 5V —0.1V

Vcc (Kev%_-y;c,x = VB.ES " Vcc ; VCI:_?S ]
B C

10k 5KQ

o2 ,\}) Qu M‘\'ve

&I el ) Qo ot

)= 6.6mwW

P, = VCCLKCL_—_K@E) = 5V(M) =2.1mW , and
"R

DC

10kQ

B

_4b -;PH _ 6.6mW—|2~2.4mW R AT

c. The input low ¢urrent is

Ve —Viss . SV =08V

I[L = = O42mA
R, 1002
The input high current is
I, =4 ._chc ~Vscs =Vies 20'1(51/—0.71/—0.81/): 0.035mA.
Ry~ 10k
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P5.13" Consider the TTL inverter with a steady voltage applied at the input as shown in

Figure 5.95.

-Be=60
B =0.1

Voga = 0.7V
Voes = 0.8V
Vegs = 0.1V

ouT

V= 2.2V

Figure 5.95.

- .. —

a. Determine the mode of operation for €ach of the transistors.
b. Determine the supply current Icc.
c. Determine the input current Ip.
d. Determine the output voltage.
~Solution.

a. Qpwill be reverse active and Qg will be saturated.

Vee =Vacs = Vs n Vee = :VCES _ SV - O~;7IV - 0.8V N SV =017
R, R, 40 20

Vo -V.. -V 5V —0.7V -0,
c. fjm=ﬂk( <« ;C‘ ”ESJ=O.1( o 8V)=O.088mA.
B .

b I = =33mA.

A Vyyp =Vegs =0.17.
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P5.14. Consider the standard TTL inverter of Figure 5.96.

ouT

Figure 5.96.

a. Determine and plot the voltage transfer characteristic, showing all critical
voltages. -
b. Determine P, Px, and the average DC dissipation.
c. Determine Iy and L.
4. Determine the maximum fan-out based on DC considerations, assuming CMAX =
Y.
Solution. - °
a At the first breakpoint in the characteristic,
14

. =07V ~0.17 = 0.6V, and

Vi=Veea~

V., = Ve ~Vags ~Vp =5V =0TV =07V =367
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At the second breakpoint,

Vo =2V, —Vegs =14V =0.1V =13V, and

0.7v

V
Vours =Vec —Re [f&) Vs —Vp =5V - 3-2]{9(%

D

j—O.7_V‘— 0.7V =2.5V.

At the third breakpoint in the voltage transfer characteristic,
Vi =2Waps —Vegs =1.6V —0.1¥ =15V , and
V,, =Ve = 0.1 .

The entire voltage transfer characteristic is shown in Figure 5.121.

5
Breakpoint One
4 Qs turns on
E 3 4 Breakpoint Two
5 e Qo turns on
s
> 2
1 4 Breakpoint Three
Qs and Qg saturate
0 1 T 1 ]
0 1 2 3 4 5

Vin (V)

Figure 5.121.

b. The output low power is

P, = VCC(VCC _ VBCA — 2V s + Vcc - VCES — VBESJ

RB RC
_ SV[SV -0.7V -1.6V . 5V -0V 08V _ {3.2mW
260 3.2kQ

Assuming the fan-out is zero, the output high power is



22 Digital Integrated Circuits: Analysis and Design

Ve = Vass = 5y — 0.8V —0.
PH’_‘VCC( e VCES}SVFV 078;::1 Ow}mzmw.
) 2

Assuming a 50% duty cycle at the output, the average DC power is

7
_ P, -;PH _ 13.2771W-;10.2mﬂ 11 Tm .

DC

¢. The input low current is

Ve =Vaes =V, -0.8V -0.
L == BES _ CES =5V 0.87 01V=2.05mA.
R, 2kQ
The input high current is
Ver =Vaes =2V, V-0V -1.6V '
I, = B ce B BE =O.1(5V 077 16Tj=0.135m/‘1
R, 2k

d The maximum current that the output can sink 1s

Ve =V, = 2Vsss | Vec =Vess ~Vass V. —
.. =0 +1 cC __BCA BES + cc CE! BES _ | BES —_—
oL MAX IBF{(ﬂR { RB ] Rc RD }

- (0.5)(50){(1.1)(51/ —0.7V —1.6V) SV =0 =08V O.SV]

2kQ 3.2k 2k

=59mA
The maximum fan-out based on DC considerations is the largest integer satisfying the
inequality

59mA
2.05mA

I
N,y $—2%= =28.8,0r
IIL

P5.15. For the standard TTL inverter of Figure 5.97 with scaled resistors, calculate and

plot Iecr, Iccu, I, and I as functions of x. va<x<4. = 18
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i

Figure 5.101.
a. Determine Vi, Vg, VoL, and Voy, and plot the voltage transfer characteristic.

b. Determine Ij; and Iy.

c. Calculate Py, P;, and the average DC power dissipation.
a. The critical voltages are given by

V, =2V —Veson = 1AV =05V =0.97,
Vg =Vee —2Was, =5V —1.4V =36V,

Vi =2V spon ~Viego =1.6V —0.57 =1.1V , and
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Vo, =Veson = 0.57 .

The entire voltage transfer characteristic is shown in Figure 5.131.

Vour (V)
(2]

Vin (V)

Figure 5.131. -_—

The input low current is

Ve =Vasonw —Vesow _ SV —0.8V —0.57

I, = = =1.85mA.
R, 2kQ

The input high current is

I, =0.

c. The dissipation is given by

Ve =Veap — 2V, -V, -V
P = Vcc( cc ~¥sep BEOH Vee =Veson —Vaeon j

RB RC
_ 5V(srf ~0.3V -1.6V . 5V 0.5V —0.8V) 34T
p)79) 0.7k

and

Vo V.  —V S — 0.87 —0.
P, =Vcc[ . ”Eg” CE"”)=5V[5V 028]; 05V]=9.2mW.
B
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=5V

Figure 5.103.
a. Determine the mode of operation for each of the transistors.
b. Determine the value of the input current. Use the convention that the input
current is positive if it flows into the emitter of Q.
c. Determine the supply current Icc.
d. Determine Vour.

Solution.

a. Qj will operate in the reverse Schottky mode. Qs, Qo, and Qp will be on hard. Qp will

be forward active and Qp; will be cutoff.
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b. Because Q is cutof,
I,=0.
c. The supply current is given by

Vcc - VSBD - ZVBEOH + Vcc - Vcso - VBEOH

Iee =

Rp Re
_ 5V -0.3V -1.6V N 5V —0.5V -0.8V 5 9md
2.8kC) 0.9kQ

d. The output voltage is

= =0.5V.

VO ur CEOH

P5.22. Consider the inverter shown in Figure 5.104.

Figure 5.104.

a. Determine tppy and tpyy for the circuit as shown.




