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Digital Circuits

» Basic Properties of Digital Integrated Circuits

Diode and BJT Digital Circuits (Ebers & Moll equations, transistor
modelling, state of transistors in a circuit)

Resistor-Transistor Logic (RTL)
Diode-Transistor Logic (DTL)
Transistor-Transistor Logic (TTL)
Different TTL Gates

NMOS Gates

CMOS Gates
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Digital Circuits Textbook

1. DeMassa and Ciccone, Digital Integrated Circuits, John Wiley & Sons.
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Properties of Digital Integrated Circuits

Properties of Digital Integrated Circuits

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

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

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

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

Inverter and Non-Inverter Gates

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

operation.

m Figures below show the circuit symbols for the non-inverter gate, or sometimes referred

to as a buffer.
L/
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Properties of Digital Integrated Circuits Ideal Inverter
Ideal Inverter

Figure on the left below shows an ideal inverter gate operating with a single power supply,
Veo.
Vor(V)
logical 1
output

V(!: |

Vi Vour logical 0 'ogical 1

logical 0

V,
| S vo
V2 Ve

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

Dr. U. Sezen & Dr. D. Gékcen (Hacettepe Uni.) ELE315 Electronics Il 23-Nov-2017 7/ 25

Properties of Digital Integrated Circuits Ideal Inverter
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The transition between output logic states ideally occurs abruptly at an input value of
Voo /2. Thus, logical input 0 (or input LOW) is represented by the voltage range
0<Vin < Vcc/2.

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

The input voltage Vin = Vo /2 has an undefined output and will cause unpredictable
results, and is therefore avoided.
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Properties of Digital Integrated Circuits Inverter Voltage Transfer Characteristic

Inverter Voltage Transfer Characteristic

Figure below shows the linearized form of the voltage transfer characteristic (VTC) of an

Inverter. VoV
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m Indicated on the output axis are the voltages Vo and Vo1, which correspond to the
output high and output low voltage levels, respectively.

m On the input axis, Vyy, is the maximum input voltage that is considered as a LOW input
(i.e., that provides a HIGH output), and V7 is the minimum input voltage that is
considered as a HIGH input (i.e., that provides a LOW output).

LOW, if Vin < Vir
Vin = HlGH, if Vin > Vig
undefined, if Vi, < Viny < Vig
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Properties of Digital Integrated Circuits Inverter Voltage Transfer Characteristic

m Note that, output voltages Vo, and Vo for the current inverter will be the inputs for
the next inverter. If we want these outputs Vo, and Vo to be considered LOW and
HIGH, respectively, for the next inverter, then we must always have

VoL < VrL
Vo > Vim.

m One of the critical points labelled on the VTC graph is the midpoint voltage, Vs, which
is defined as the point on the transfer characteristic where Voyr = Vin and ideally
should appear at the center of the transition region. V}; can be found graphically by
drawing the Voyr = Vi line (the unity slope line) on the VTC and finding its
intersection with the VTC.
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Properties of Digital Integrated Circuits Inverter Voltage Transfer Characteristic

m Logic swing, Vi g, is defined as the magnitude of the voltage difference between the
output high and low voltage levels, i.e.,

Vs =Vou —Vor

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

Vrw =Vig — ViL

m The low and high voltage noise margins, Vi and Vg, represent a safety margin
for low and high voltage levels, respectively.
Vmr = Vi —Vor
VNvu =Vor — Vin
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Properties of Digital Integrated Circuits Inverter Voltage Transfer Characteristic

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

Vs = Vm — Vor
VNsa =Vor — Vu

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

VNsL
VNIL =
Vis
VNsH
VNig = ———
Vis
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Properties of Digital Integrated Circuits Inverter Voltage Transfer Characteristic

VTC Example

Example 1: For the circuit below, determine Vor,, Vou, Vir, Via, Var. Vrw, Vis,
VNmr, VNme, Vsn, VNsa, Vi and Vg,

Vour(V)
A

021"
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Properties of Digital Integrated Circuits Fan-In and Fan-Out

Fan-In and Fan-Out

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

m The term fan-in is used to describe the number of inputs of a gate, as shown in the figure
on the left below. Similarly, the term fan-out is
used to describe the number of outputs of a gate, as shown in the figure on the right below.

P »

YYYY

m Figure below shows the input and output impedance model of an inverter.
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Properties of Digital Integrated Circuits Fan-In and Fan-Out

Ve — e
Tow

Vi
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driving gate | .
Vi //
Ta  SRw 7
m Maximum fan-out of a digital logic circuit is the maximum number of load gates that

can be connected to the output of a gate in parallel as shown in the figure above. From
the static behaviour point of view, it is restricted by its input and output currents,

Nmax = min (NOL(max)7 NOH(max))

where
IOL(max)
NOL(max) = I,—
IL
IOH(max)
NOH(max) = Iz
I1H
and |-| denotes the floor function.
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Properties of Digital Integrated Circuits Fan-In and Fan-Out

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

Fan-Out Example

Example 2: For the circuit below, calculate the maximum fan-out.

I (low) = 2.43 mA (out) Ly{low) = 54.3 mA (in)
- -

[>o

- -

I(high) = 98.9 pA (in) Iye(high) = 71.4 mA (out)
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Properties of Digital Integrated Circuits Transient Characteristics

Transient Characteristics

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

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

m For digital circuits employing BJTs, these time limitations are caused by the time required
to store and remove charge from the base region.

m Similarly, transient characteristics of digital circuits employing MOSFETs are limited by
the gate oxide capacitance.

m Ideally, turn-on, turn-off and propagation delay times are zero, as shown in the ideal
transient response of the inverter below.

Vid(V)
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Properties of Digital Integrated Circuits  Transient Characteristics

VII\ (V)
Veo
0 t (ns)
VUUT (V)
v, -
0% R )
|
|
|
|
I
|
10% :
Vo ————— I ‘ -
S — — |t t(ns)
—tox torr

m The figure above shows an input pulse and output response of an inverter. Here, t; is the
delay time, t, is the rise time, t5 is the storage time, t is the fall time, ton = tg + 1 is
the turn-on time and torpr = ts + t is the turn-off time.

m The 10% Vo and 90% Vo points are marked on both the rising and falling edges of
the output voltage. The rise time ¢, and fall time ¢; are the times associates with
charging and discharging load capacitances.

m The delay time t; and storage time ¢, are associated with the storage charge of PN
junctions.
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Properties of Digital Integrated Circuits Transient Characteristics

VadV) Propogation Delays

t(ns)

t(ns)

m The figure above shows an input waveform and output response of an inverter. Here,
tpr o is the low-to-high propagation delay time and tpg is the high-to-low propagation
delay time.

m The 50% points are labelled on the rising and falling edges of both the input and output
waveforms.

m The overall propagation delay time tp(avg) is defined as the average of tpr iy and tpgy,

ie.,
tpr +tPHL

tp(avg) = >
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Properties of Digital Integrated Circuits = Average Power Dissipation

Average Power Dissipation

A logic circuit with two power supplies is shown in the figure above. As the power
dissipated in this gate for the output high and output low states are different, the average
power dissipation Pp (., for this gate with two possible states are given as

PD(avg) = PCC(avg) + PEE(avg)
Pocony + Pocor) N Pegeon)+ PEeoL)

2 2
Iccon) +Iccoorn) Izgoon +1IEE(OL)
= Voo + VEE
2 2
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Properties of Digital Integrated Circuits Average Power Dissipation

m As we will see later, static power dissipation will be zero in CMOS circuits. Hence, we
have to consider the dynamic power dissipation as given below

PD(dynamic) = CLfVES

where C', is the load capacitance, f is the frequency of switching and Vg is the voltage
swing over the load. In CMOS circuits operate rail-to-rail, so Vs = Vpp, where Vpp is
value of the DC power supply.
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Properties of Digital Integrated Circuits Power-Delay Product

Power-Delay Product

Dr.

Low power dissipation and short propagation delay times are both desirable for digital
logic circuits. However, faster propagation times are achieved at the cost of increased
power dissipation. Conversely, lower power dissipation results in longer propagation delays

A practical figure of merit used for digital logic gates is the power-delay product or
speed-power product given by

PD = Pp(avg) X tp(avg)
The unit of power-delay product is in terms of joules and the lower the value of the
power-delay product the better.

For a logic family, this power-delay product can be considered as constant. In other words,
if you want to decrease power dissipation by increasing resistor values, the propagation
delay will increase accordingly. You can change the power-delay product by redesigning
the whole digital circuit (using different design and/or different components).
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Properties of Digital Integrated Circuits Logic Families

Logic Families

Dr.

A summary of logic families are shown in the diagram below.

| RTL{Resistor Transistor
Logic)

DTL {Diode Transistor
Logic)

DCTL (Direct Coupled
Transi: Logic)

— Saturated =

L Integrated Injection
Logic

|— HTL {High Threshold Logic)

— Bipolar —
TIL (Transistor Transistor
] Logicy
Schottky TTL
Logic Families [ - Hon-Saturated {
ECL {Emitter Coupled Logic)
PHOS
| Unipolar NMOS
CMOS
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Properties of Digital Integrated Circuits

Logic Families

All logic families have different properties. For example, CMOS logic circuits have very

low power dissipations.

For another example, propagation delay and power dissipation characteristics for TTL and
STTL families are given in the table below.

Family Power | Prop. Delay
TTL 10mW | 9ns
STTL 20mW | 3ns
LSTTL 2mW 9ns
ASTTL 10mW | 2ns
ALSTTL | 1mW 4ns
FAST 4mW 2ns

Dr. U. Sezen & Dr. D. Gékcen (Hacettepe Uni.)

ELE315 Electronics Il

23-Nov-2017 25 / 25




	Properties of Digital Integrated Circuits
	Inverter and Non-Inverter Gates
	Ideal Inverter
	Inverter Voltage Transfer Characteristic
	Fan-In and Fan-Out
	Transient Characteristics
	Average Power Dissipation
	Power-Delay Product
	Logic Families


