Additional materials Lab Work #1

Transistor–transistor logic (TTL) is a class of digital circuits built from bipolar junction transistors (BJT) and resistors. It is called transistor–transistor logic because both the logic gating function (e.g., AND) and the amplifying function are performed by transistors (contrast this with RTL and DTL).

TTL is notable for being a widespread integrated circuit (IC) family used in many applications such as computers, industrial controls, test equipment and instrumentation, consumer electronics, synthesizers, etc. The designation TTL is sometimes used to mean TTL-compatible logic levels, even when not associated directly with TTL integrated circuits, for example as a label on the inputs and outputs of electronic instruments.

ТТЛ стала популярной среди разработчиков электронных систем после того, как в 1965 фирма Texas Instruments представила серию интегральных микросхем 7400. Данная серия микросхем стала промышленным стандартом, но ТТЛ-микросхемы производятся и другими компаниями. Более того, фирма Texas Instruments не была первой, кто начал выпуск ТТЛ микросхем, несколько ранее его начали фирмы Sylvania и Transitron. Тем не менее промышленным стандартом стала именно серия 74 фирмы Texas Instruments, что в значительной мере объясняется большими производственными мощностями фирмы Texas Instruments, а также её усилиями по продвижению серии 74. Поскольку биполярные интегральные ИМС серии 74 фирмы Texas Instruments стали наиболее распространёнными, их функционально и параметрически повторяет продукция других фирм (Advanced Micro Devices, серия 90/9N/9L/9H/9S Fairchild, Harris, Intel, Intersil, Motorola, National и т.д).

Важность ТТЛ заключается в том, что ТТЛ-микросхемы оказались более пригодны для массового производства и при этом превосходили по параметрам ранее выпускавшиеся серии микросхем (резисторно-транзисторная и диодно-транзисторная логика).

[image: image1.png]



[image: image2.png]



Standard TTL NAND with a "totem-pole" output stage, one of four in 7400 (стандартная ТТЛ ИМС И-НЕ с бестрансформаторный двухтактный выходным каскадом – одна из 4-х в ИМС)

The second schematic adds to this a "totem-pole" ("push-pull") output consisting of the two n-p-n transistors V3 and V4, the "lifting" diode V5 and the current-limiting resistor R3. It is driven by applying the same current steering idea (depriving the current of a voltage-stable element by connecting in parallel another voltage-stable element with lower threshold voltage). When V2 is "off", V4 is "off" as well and V3 operates in active region as a voltage follower producing high output voltage (logical "1"). When V2 is "on", it activates V4, driving low voltage (logical "0") to the output. V2 and V4 collector-emitter junctions connect V4 base-emitter junction in parallel to the series-connected V3 base-emitter and V5 anode-cathode junctions. V3 base current is deprived; the transistor turns "off" and it does not impact on the output. The strength of the gate may be increased without proportionally affecting the power consumption by removing the pull-up and pull-down resistors from the output stage. [11] [12]
Эта схема добавляет к этому каскадному (двухтактному) выходу, состоящему из двух n-p-n транзисторов V3 и V4, «поднимающему» диоду V5 и токо-ограничительному резистору R3. Эта схема управляется за счет использования той же идеи по управлению током (отбора тока от элемента со стабильным напряжением за счет параллельного соединения другого элемента со стабильным напряжением с более низким значением порогового напряжения). Когда V2 is "выключен", V4 is " выключен ", при этом V3 работает в активной области в качестве повторителя напряжения, вырабатывающего высокий уровень (логической «1»). Когда V2 is "включен", он активирует V4, что снижает выходное напряжение до уровня логического "0". Коллекторно-эмиттерные переходы V2 и V4 соединяют базово-эмиттерный переход V4 параллельно включенному базово-эмиттерному переходу V3 и анодно-катодным переходу V5. Ток базы V3 отбирается, при этом транзистор выключается и не оказывает влияние на выход. Мощность логического элемента  можно увеличить без пропорционального воздействия на потребляемую мощность за счет удаления резистора установки рабочей точки и согласующего резистора из выходного каскада.

As the preceding DTL, at low input voltage (logical "0") the TTL input behaves as a simple resistor type current source passing a current through the input source (the lower output transistor V4 of the previous stage or some other kind of input source). The magnitude of this current is about 1.1 mA for a standard TTL gate and does not depend on the number of the parallel connected inputs (base-emitter junctions) belonging to one IC. The input source has to be low-resistive enough (< 800 Ω) so that the flowing current to create a negligible voltage drop (< 0.8 V) across it. At high input voltage (logical "1"), when the input transistor operates in a reverse-active mode, the TTL input acts as a transistor current sink "pulling" a small current from the upper transistor V3 of the previous stage (DTL does not consume current in this case). The magnitude of the current now is about 40 μA for a standard TTL gate and it is proportional to the number of the parallel connected inputs (collector-emitter junctions) of one IC. As with all bipolar logic, a small current must be drawn from a TTL input to ensure proper logic levels. The total current drawn must be within the capacities of the preceding stage, which limits the number of nodes that can be connected (the fanout).
Подобно разработанной ранее логическим ИМС ДТЛ ИМС ТТЛ при низком входном напряжении (логический «0») ведет себя как простой источник тока резистивного типа, который пропускает ток через входной источник (выходной транзистор V4 предыдущего каскада или некоторый вид входного источника сигнала). Величина этого тока около 1,1 мА для стандартного логического элемента ТТЛ и не зависит от числа параллельных входов (переход база-эмиттер), который входит в состав одной ИМС. Входной источник  должен иметь достаточно низкое сопротивление (< 800 Ω) для того, чтобы при протекании тока создать незначительное падение напряжения (< 0.8 В) на нем. 
При высоком уровне входного напряжения  (логическая «1»), когда входной транзистор работает в режиме обратного активного действия, вход ИМС ведет себя как транзисторный      
Reverse-active (or inverse-active or inverted): By reversing the biasing conditions of the forward-active region, a bipolar transistor goes into reverse-active mode. In this mode, the emitter and collector regions switch roles. Since most BJTs are designed to maximize current gain in forward-active mode, the βf in inverted mode is several times smaller. This transistor mode is seldom used. The reverse bias breakdown voltage to the base may be an order of magnitude lower in this region. 

All standardized common TTL circuits operate with a 5-volt power supply. A TTL input signal is defined as "low" when between 0 V and 0.8 V with respect to the ground terminal, and "high" when between 2.2 V and 5 V[12] (precise logic levels vary slightly between sub-types). TTL outputs are typically restricted to narrower limits of between 0 V and 0.4 V for a "low" and between 2.6 V and 5 V for a "high", providing 0.4V of noise immunity. Standardization of the TTL levels was so ubiquitous that complex circuit boards often contained TTL chips made by many different manufacturers selected for availability and cost, compatibility being assured; two circuit board units off the same assembly line on different successive days or weeks might have a different mix of brands of chips in the same positions on the board; repair was possible with chips manufactured years (sometimes over a decade) later than original components. Within usefully broad limits, logic gates could be treated as ideal Boolean devices without concern for electrical limitations.
CMOS logic

CMOS logic is a newer technology, based on the use of complementary MOS transistors to perform logic functions with almost no current required. This makes these gates very useful in battery-powered applications. The fact that they will work with supply voltages as low as 3 volts and as high as 15 volts is also very helpful.

CMOS gates are all based on the fundamental inverter circuit shown to the left. Note that both transistors are enhancement-mode MOSFETs; one N-channel with its source grounded, and one P-channel with its source connected to +V. Their gates are connected together to form the input, and their drains are connected together to form the output.
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CMOS logic inverter 
The two MOSFETs are designed to have matching characteristics. Thus, they are complementary to each other. When off, their resistance is effectively infinite; when on, their channel resistance is about 200 [image: image4.png]


. Since the gate is essentially an open circuit it draws no current, and the output voltage will be equal to either ground or to the power supply voltage, depending on which transistor is conducting.

When input A is grounded (logic 0), the N-channel MOSFET is unbiased, and therefore has no channel enhanced within itself. It is an open circuit, and therefore leaves the output line disconnected from ground. At the same time, the P-channel MOSFET is forward biased, so it has a channel enhanced within itself. This channel has a resistance of about 200 [image: image5.png]


, connecting the output line to the +V supply. This pulls the output up to +V (logic 1).

When input A is at +V (logic 1), the P-channel MOSFET is off and the N-channel MOSFET is on, thus pulling the output down to ground (logic 0). Thus, this circuit correctly performs logic inversion, and at the same time provides active pull-up and pull-down, according to the output state.
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The technique here is to follow the actual NAND gate with a pair of inverters. Thus, the output will always be driven by a single transistor, either P-channel or N-channel. Since they are as closely matched as possible, the output resistance of the gate will always be the same, and signal behavior is therefore more predictable.

One of the main problems with CMOS gates is their speed. They cannot operate very quickly, because of their inherent input capacitance. B-series devices help to overcome these limitations to some extent, by providing uniform output current, and by switching output states more rapidly, even if the input signals are changing more slowly.

Note that we have not gone into all of the details of CMOS gate construction here. For example, to avoid damage caused by static electricity, different manufacturers developed a number of input protection circuits, to prevent input voltages from becoming too high. However, these protection circuits do not affect the logical behavior of the gates, so we will not go into the details here.
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One type of gate, shown to the left, is unique to CMOS technology. This is the bilateral switch, or transmission gate. It makes full use of the fact that the individual FETs in a CMOS IC are constructed to be symmetrical. That is, the drain and source connections to any individual transistor can be interchanged without affecting the performance of either the transistor itself or the circuit as a whole.

When the N- and P-type FETs are connected as shown here and their gates are driven from complementary control signals, both transistors will be turned on or off together, rather than alternately. If they are both off, the signal path is essentially an open circuit — there is no connection between input and output. If they are both on, there is a very low-resistance connection between input and output, and a signal will be passed through.

What is truly interesting about this structure is that the signal being controlled in this manner does not have to be a digital signal. As long as the signal voltage does not exceed the power supply voltages, even an analog signal can be controlled by this type of gate.

Interfacing problems
As the preceding DTL, at low input voltage (logical "0") the TTL input behaves as a simple resistor type current source passing a current through the input source (the lower output transistor V4 of the previous stage or some other kind of input source). The magnitude of this current is about 1.1 mA for a standard TTL gate and does not depend on the number of the parallel connected inputs (base-emitter junctions) belonging to one IC. The input source has to be low-resistive enough (< 800 Ω) so that the flowing current to create a negligible voltage drop (< 0.8 V) across it. At high input voltage (logical "1"), when the input transistor operates in a reverse-active mode, the TTL input acts as a transistor current sink "pulling" a small current from the upper transistor V3 of the previous stage (DTL does not consume current in this case). The magnitude of the current now is about 40 μA for a standard TTL gate and it is proportional to the number of the parallel connected inputs (collector-emitter junctions) of one IC. As with all bipolar logic, a small current must be drawn from a TTL input to ensure proper logic levels. The total current drawn must be within the capacities of the preceding stage, which limits the number of nodes that can be connected (the fanout).

All standardized common TTL circuits operate with a 5-volt power supply. A TTL input signal is defined as "low" when between 0 V and 0.8 V with respect to the ground terminal, and "high" when between 2.2 V and 5 V[12] (precise logic levels vary slightly between sub-types). TTL outputs are typically restricted to narrower limits of between 0 V and 0.4 V for a "low" and between 2.6 V and 5 V for a "high", providing 0.4V of noise immunity. Standardization of the TTL levels was so ubiquitous that complex circuit boards often contained TTL chips made by many different manufacturers selected for availability and cost, compatibility being assured; two circuit board units off the same assembly line on different successive days or weeks might have a different mix of brands of chips in the same positions on the board; repair was possible with chips manufactured years (sometimes over a decade) later than original components. Within usefully broad limits, logic gates could be treated as ideal Boolean devices without concern for electrical limitations.
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Logic Threshold Voltage Levels (пороговые значения логических уровней для различных типов ИМС)
ETL (Enhanced Transceiver Logic)
Enhanced Transceiver Logic (ETL) features improved noise margins, while maintaining TTL compatible switching levels that enable higher speed.
LowV – low voltage level.
BTL – Backplane Transceiver Logic (SN74FBxxx)

The BTL bus realizes a bus in open collector mode. In this case, the falling edge is actively generated from the driver.

Only a low impedance driver can switch the bus with the incident wave in a heavily loaded backplane. The rising edge is generated by the passive pull-up-network.

Choosing a pull-up-network with output impedance in the impedance range of the loaded bus-line is the best solution regarding the signal integrity. However, in this case a tremendous low-level-current can be used for one signal-trace. This has been taken into consideration for the backplane transceiver logic circuits. They can handle a current (IOL) up to 100 mA, which equals line impedance of 22 ohms.
GTL -  Gunning Transceiver Logic Plus (SN74GTLPxxx)

Gunning Transceiver Logic Plus (GTLP) devices are high-speed, high-performance backplane transceivers that operate like the GTL family except for two major differences, they have been optimized with slower edge rates for the distributed loads found in multi-slot backplanes and they support live insertion applications. The GTLP reduced output swing (<1 V), reduced input threshold levels and slower edge rates allow higher backplane frequencies. GTLP devices are functionally and footprint equivalent to common ABT, FCT, LVT, ALVT and FB+ devices but provided an alternative to more complex serial technologies in high data throughput applications.
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TTL to CMOS {74xxT} Logic

Any of these 5 volt TTL devices {listed on the left} will drive any of the 5 volt CMOS devices listed on the right. No translation is needed.
The { T } in the CMOS part number indicates the input switches at TTL levels [the output still switches at CMOS levels]. 
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TTL to CMOS {74xx} Logic

Any of these 5 volt TTL devices {listed on the left} will drive any of the 5 volt CMOS devices listed on the right. A level switching Pull-Up resistor is required.
A value of between 1K and 2K will work well, the true value depends on the Fan-Out of the TTL gate.
The larger the Fan-Out (the more devices it's driving), the higher the resistor value. Fan-Out varies with each different logic family.
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The TTL gate will output between 2.4v [VOH min.] and 3.3v [VOH max.] for a high level (depending on the logic family).
The CMOS gate requires a minimum of 3.7 volts to register a high. The Pull-Up resistor increases
the output voltage from the TTL driver. The resistor allows the TTL chip to deive a CMOS chip.
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A 74ACTxx series device could be used, instead of the pull-up resistors. The 'T' CMOS part accepts TTL levels at the input while keeping the output at CMOS levels, and the internal device is still all CMOS [so the current consumption is still very low]. Refer to the TTL to CMOS {74xxT} Logic example.

CMOS {74xx} to TTL Logic

Any of these 5 volt CMOS devices {listed on the left} will drive any of the 5 volt TTL devices listed on the right. No translation is needed.
Of course Fan-Out requirements still have to be observed. A 74xx CMOS device will always drive a TTL device, the VOL is lower and the VOH is higher.
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TTL to CMOS {4xxx} Logic

This really depends on the Vcc of the CMOS device, which could be up to +15 volts.
Common power supply voltages for 4000 series logic include 12 volts, 5 volts, or any voltage in between.
A 14504 may be used to shift between 'true' CMOS voltages [5 to 15 volts] and TTL logic levels.
MC14504 Hex Level Shifter for TTL to CMOC or CMOS to CMOS.
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CMOS {4xxx} to TTL Logic

This really depends on the Vcc of the CMOS device, which could be up to +15 volts.
The MC14504 [above] translates between 3 to 18 volt CMOS levels and TTL input levels.

Согласование 3- и 5- вольтовых ТТЛ микросхем
Если в цифровом устройстве одновременно используются микросхемы с пяти- и трехвольтовым питанием, то кроме согласования микросхем по току требуется согласовать их по логическим уровням. Выходное напряжение современных трёхвольтовых микросхем, таких как SN74LVT совпадает с ТТЛ уровнями нуля и единицы, поэтому они могут быть непосредственно нагружены на пятивольтовые ТТЛ микросхемы. Более того! Входные каскады трёхвольтовых микросхем (например серии SN74ALVT или SN74ALVC) спроектированы так, что они выдерживают пятивольтовое напряжение на входе. Вывод - трёх и пятивольтовые микросхемы можно соединять непосредственно (DATASHEETS фирмы TI). Для иллюстрации на рисунке 2 приведены логические уровни микросхем с пяти- и трех вольтовым питанием.
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Рисунок 2.  Логические уровни микросхем с пяти- и трех вольтовым питанием. 

Согласование 3- вольтовых ТТЛ микросхем и 2,5- вольтовых КМОП микросхем
Как уже говорилось ранее, ТТЛ микросхемы в настоящее время уже не развиваются. Практически все современные микросхемы выполнены по КМОП технологии. Это же относится и к 2,5- вольтовым микросхемам. Порог срабатывания этих микросхем приблизительно равен 1,2 В. На рисунке 3 приведены выходные уровни 3- вольтовых и входные уровни 2,5- вольтовых микросхем.
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Рисунок 3.  Выходные логические уровни 3- вольтовых и входные уровни 2,5- вольтовых микросхем.

Как видно из этого рисунка 2,5- вольтовые микросхемы будут воспринимать логические уровни 3- вольтовых микросхем безошибочно. В то же самое время, по техническим данным на 2,5 вольтовые микросхемы, такие как SN74ALVC или SN74ALVT, входное напряжение может достигать 3,6 вольта.

Похожая ситуация наблюдается и при обратном направлении сигнала (от 2,5- вольтовых микросхем к 3- вольтовым). На рисунке 4 приведены выходные уровни 2,5- вольтовых и входные уровни 3- вольтовых микросхем.
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Рисунок 4.  Выходные логические уровни 2,5- вольтовых и входные уровни 3- вольтовых микросхем.

fan-out 
1) устройство разветвления выхода Syn: port multiplier 
2) коэффициент разветвления по выходу; нагрузочная способность по выходу

Fanout is a measure of the ability of a logic gate output, implemented electronically, to drive a number of inputs of other logic gates of the same type. In most designs, logic gates are connected together to form more complex circuits, and it is common for one logic gate output to be connected to several logic gate inputs. The technology used to implement logic gates usually allows gate inputs to be wired directly together with no additional interfacing circuitry required.

A perfect logic gate would have infinite input impedance and zero output impedance, allowing a gate output to drive any number of gate inputs. However, since real-world fabrication technologies exhibit less than perfect characteristics, in reality a limit will be reached where a gate output cannot drive any more current into subsequent gate inputs - attempting to do so causes the voltage to fall below the level defined for the logic level on that wire, causing errors.

The fanout is simply the number of inputs that can be connected to an output before the currents required by the inputs exceeds the current that can be delivered by the output while still maintaining correct logic levels.
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 is the floor function).

Going on these figures alone TTL logic gates are limited to perhaps 2 to 10, depending on the type of gate, while CMOS gates have fan outs that are generally far higher than is likely to occur in practical circuits (e.g. using NXP Semiconductor specifications for their HEF4000 series CMOS chips at 25°C and 15V gives a fanout of 34 thousand).

However inputs of real gates have capacitance as well as resistance to the power supply rails. This capacitance will slow the output transition of the previous gate and hence increase its propogation delay. As a result rather than a fixed fanout the designer is faced with a trade off between fanout and propagation delay (which affects the maximum speed of the overall system). This effect is less marked for TTL systems, which is one reason why they maintained a speed advantage over CMOS for many years.
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