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LT1097 Low Cost, Low Power Precision Op Amp

NPN Input

Offset Voltage 50µV Max ■ Offset Voltage Drift 1µV/°C Max ■ Bias Current 250pA Max ■ Offset Current 250pA Max ■ Bias and Offset Current Drift 4pA/°C Max ■ Supply Current 560µA Max ■ 0.1Hz to 10Hz Noise 0.5µVp-p, 2.2pAp-p ■ CMRR 115dB Min ■ Voltage Gain 117dB Min ■ PSRR 114dB Min ■ Guaranteed Operation on Two NiCad Batteries

LT1223 100MHz Current Feedback Amplifier

NPN-PNP +Input (Pin3)

100MHz Bandwidth at AV = 1 ■ 1000V/µs Slew Rate ■ Wide Supply Range: ±5V to ±15V ■ 1mV Input Offset Voltage ■ 1µA Input Bias Current ■ 5MΩ Input Resistance ■ 75ns Settling Time to 0.1% ■ 50mA Output Current ■ 6mA Quiescent Current

OPA627 and OPA637 Precision High-Speed Difet® Operational Amplifiers

Скорость нарастания выходного напряжения

55 V/µs

Полоса пропускания

16MHz

Ток - входного смещения

2pA

Напряжение входного смещения

130µV

Ток выходной

7mA

Ток выходной / канал

45mA

Напряжение-выходное, Single/Dual (±)

9 V ~ 36 V, ±4.5 V ~ 18 V

OPA603 High Speed, Current-Feedback, High Voltage OpAmp

NPN-PNP +Input (Pin3)

● WIDE SUPPLY RANGE: ±4.5 to ±18V ● BANDWIDTH: 100MHz, G = 1 to 10 ● SLEW RATE: 1000V/µs ● FAST SETTLING TIME: 50ns to 0.1% ● HIGH OUTPUT CURRENT: ±150mA peak ● HIGH OUTPUT VOLTAGE: ±12V
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FO KOPPEKTUPYIOLLIETO KOHEHCATOPA, KOTOPbIit B AaHHOM Cry-ae
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HanpPsHKEHUA.
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wnu pasHoi k, To OY Gyner yc-
Toitume. B npotusHom cryuae
creflyeT BKIIONUTL KOPPEKTUPY-
owuin koHaeHcarop C. JIAYX,
npuseneHHbIe Ha puc. 14, noka-
3biBakoT, 4To Npu P<1 manocur-
HanbHas nonoca OY sameTHo
yBEnMuuBaeTcs.

JLonycTum, 4To HaM HyXHO No-
NyY1ThE WUPOKYID nornocy
NponyckaKus ycunurens
Npy BLICOKOM Ko3aththuLy-
eHTe ycuneus. C ysenu-
yeHuem koadduuveHTa
ycunenus OY vactora
cpesa netnu o6paTHoit
CBAi3U, a, CrefloBaTENbHO,
U nonoca nNponycKkaHus
ymenbluawres. Mpocren-
WWA NyTb PELIeHNA 3ToM
3apfaumv 3aknvaertcs s
KacKafHOM COeAUHEeHUU
ABYX OAHOTUMNHBLIX YyCUIu-
Teneit (puc. 15, a). Ha puc. 15, 6 wITpUxoBOIA NUHUeEN NpeacTas-
nexa acumnToTueckas JIAYX stux OY, obosrauenHas K, ;. Ecnm,
Hanpumep, TpeGyeTcs younusaTs BxoaHoi curkan B 100 pas, To
rioroca NponyckaHws ycunmtens Ha oaHom OY coctaemr f, (cooT-
seTcTBylowan JIAUX obosnavera K ). Coegurerme asyx younm-
Tenen, Kaxabiv U3 KOTopbIX yonrmeaeT curHan e 10 pas, nossonut
NOSTYMUTE NPY TOM e HEOBXOAUMOM yCUneHur NoNocy Nponycka-

Puc. 13. O c kackagom
YCUNEHsA HanpsKeHns

Pyc. 14. JIAHX OY ¢ kackaom
YCUNEHVA HANPSKEHUS

Husi Ha yposHe 3 A6 npu-
mepHo B 7 pas Gonbuue (f,).
JNAYX ans atoro cnyyas
obosraveHa K o2 Cmeue-
HVe HyNns OflpeaensieT, B oc-
HosHoM, DA1, a ckopocTs
HaPaCTaHuS BLIXOOHOMO Ha-
npsxeHnA — DA2. Crepo-
BaresnbHo, NPaBnNbHOE kac-
KapHoe COeAUHEHNE ABYX
PasHOTUNHBLIX ycunuTenen
TI03BOMIET COBAUHUTL 10C-
TouHCTBa 0BOMX.

Euje nyyuwe oxsaTutb
oba yeunurens obuieit 06~
PaTHOI CBR3LIO, KaK 3T0 No-
Ka3aHo Ha puc. 16. B aTom
‘COCTaBHOM younmTene cne-
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cTee DA1 npeumanoHHbiit OY, a B kauecTse DA2 — BLICOKOCKO-
POCTHOM. MPerMyLLIECTBO 3TON CXeMbI Nepe/ NPeabIAyLLei 3ak-
JIO4AETCH B TOM, YTO pa3bpoc conpoTueneHmi peauctopos R3 n
R4, a Taioke BenmumHa koatbuumerta yeunenns OY DA2 npak-
TUYECKM HE CKa3bIBAIOTCS Ha TOMHOCTM YCTaHOBKY KOSGULMEH-
Ta ycurneHus ycTpoiictea B Lienom. Obuian orpularensHas o6-
paTHas Cansb 0BECreUnBAET NPELM3MOHHBIE TOHOCTHBIE Napa-
MeTpbI, cooTeeTcTayiowme OY
DA1. B vabn. 1 npeacrasnexbl
napameTpbl COCTABHONO yCuIu-
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OPA627/637 1 wmpokononoc-
Horo OPAB03 c Tokosoit o6paT-
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160 MI'y 1 ckopocTb HapacTa-
Hus 1000 B/mkc.
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	Linear Technology AN 47 High Speed Amplifier Techniques

[image: image4.png]wpUT:

gy

o

s
L0

+

0

10k

outeut

e

1002







Figure 61’s amplifier circuit is a good working example. This circuit, excerpted from the Applications section (where its electrical operation is more fully explained) is a high impedance, wideband amplifier with low input capacitance. Q1 and A1 form the high frequency path, with the 900Ω-100Ω feedback divider setting gain. A2 and Q2 close a DC stabilization loop, minimizing DC offset between the circuit’s input and output. Critical nodes in this circuit include Q1’s gate (because of the desired low input capacitance) and A1’s input related connections (because of their high speed operation). Note that the connections associated with A2 serve at DC and are much less sensitive to layout. These determinations dominate the breadboard’s construction. Figure 61 shows a wideband, highly stable gain-of-ten with high input impedance. Input capacitance is about 3pF. Q1 and Q2 constitute a simple, high speed FET input buffer. Q1 functions as a source follower, with the Q2 current source load setting the drain-source channel current. The LT1223 provides a 100MHz bandwidth gain of ten. Normally, this open loop configuration would be quite drifty because there is no DC feedback. The LT1097 contributes this function to stabilize the circuit. It does this by comparing the filtered circuit output to a similarly filtered version of the input signal. The amplified difference between these signals is used to set Q2’s bias, and hence Q1’s channel current. This forces Q1’s VGS to whatever voltage is required to match the circuit’s input and output potentials. The capacitor at A1 provides stable loop compensation. The RC network in A1’s output prevents it from seeing high speed edges coupled through Q2’s collector-base junction. This circuit constitutes an extremely wideband (Q1 does not degrade A2’s 100MHz performance), high input impedance amplifier. With an input capacitance of 3pF and bias current of 100pA, it is well suited for probing or as an ATE pin amplifier. As shown, gain is ten, but other gains are possible by varying the feedback ratio.
THE CURRENT-FEEDBACK OP AMP A HIGH-SPEED BUILDING BLOCK PDF

https://pdfs.semanticscholar.org/c7b9/7afcd8d75bb9dad8e869c4ecb68a66f9c431.pdf

Трех транзисторный усилитель на рисунке 1 расположен в виде Усилителя с последовательной ООС (series-shunt). Однако для того, чтобы проанализировать Усилитель, схема переупорядочена, как показано на рисунке 2. Сеть обратной связи обнаруживается в двух местах - последовательная сеть на выходе и параллельная сеть на эмиттере входного транзистора. Это позволяет проводить анализ без обратной связи, в то время как сохраняя эффекты загрузки без изменений. Загрузка вывода сетью обратной связи как правило, не проблема. Тем не менее, выигрыш первого каскада транзистора зависит от значений резисторов в сеть обратной связи. Таким образом, ответ без обратной связи будет изменение с замкнутым усилением (как сеть обратной связи изменения), что может сделать частотную компенсацию итеративная рутинная работа Дискретная транзисторная схема на рисунке 3 обходит это трудность. Добавление другого транзистора, Q4, для буферизации входа каскадный транзистор Q1 из сети обратной связи иллюстрирует эта модификация. Это первый шаг к топология усилителя обратной связи по напряжению.
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FIGURE 1. Three Transistor Amplifier. FIGURE 2. Amplifier Redrawn for Analysis.
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FIGURE 3. Adding a Buffer Transistor.




	Добавленный транзистор представляет собой вход с высоким импедансом для цепи обратной связи. Это также показывает преимущества сбалансированного входа, например, низкое напряжение смещения и  равное смещение входа Токи. Большое значение имеет тот факт, что динамический излучатель сопротивление (1) добавленного транзистора заменяется на параллельное сопротивление сети обратной связи на рисунке 2. Коэффициент усиления первой ступени и, следовательно, коэффициент усиления без обратной связи, больше не зависит от цепи обратной связи. Процесс частотная компенсация имеет одну меньшую степень изменения быть обеспокоенным.


Эти две схемы иллюстрируют основные различия между усилители с обратной связью по току и по напряжению. В обоих случаях, когда цепь обратной связи подключена на инвертирующий вход. 

На рисунке 1 эмиттер представлен входом с низким импедансом, в то время как на рисунке 3 база представляет высокий входное сопротивление. Излишне говорить, что трех транзисторный усилитель на рисунке 1 может считаться предком для CFA, как это известно сегодня, в то время как рисунок 3 является шаблоном для VFA. Рисунок 4 показывает

тот же усилитель, подключенный к зеркальному отображению самого себя, чьи транзисторы были преобразованы в тип противоположной полярности. Входные транзисторы буферизируются эмиттером для сдвига уровня для обеспечения низкого напряжения смещения. Это основа современной архитектуры с обратной связью по току.
Токовая обратная связь CFB op amp
Гуглоперевод с китайского.

https://e2echina.ti.com/question_answer/analog/amplifiers/f/52/t/51546
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	Слева первые два транзистора Q1, Q2 образуют соответствующую цепь смещения. Следующие два параллельных транзистора Q3, Q4 образуют схему повторителя эмиттера. 

Это также первая ступень операционного усилителя. Далее справа два транзистора Q5 и Q6 образуют вторую ступень операционного усилителя с обратной связью по току. С1 и С2 на усилительной схеме второй ступени представляют собой емкости Миллера, и их взаимное сопротивление со второй ступенью определяет главный полюс усилительной цепи. Дальнейший анализ будет проводиться на второй ступени. Q7 и Q8 образуют выходной каскад усилителя. Это аналогично операционному усилителю с обратной связью по напряжению.
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	Может быть недостаточно подтвердить, что это структура операционного усилителя с обратной связью по току. Затем мы находим актуальный операционный усилитель с обратной связью по току OPA603. Его структура показана ниже, из паспорта OPA603. Структура очень похожа, за исключением того, что некоторые вспомогательные цепи и конденсаторы Миллера опущены. 

Вы можете посмотреть на разницу между этой схемой и операционным усилителем VFB. На рисунке ниже представлена ​​упрощенная схема типичного операционного усилителя VFB с входным каскадом, который представляет собой симметричную дифференциальную входную структуру.
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	Показана схема усилителя обратной связи по току OPA660. Включает в себя широкополосный, биполярный встроенный управляемый напряжением источник тока и буферный усилитель напряжения. Управляемый напряжением источник тока или операционный Усилитель Transconductance (OTA) можно рассматривать как «идеальный транзистор». Как транзистор, он имеет три клеммы - вход с высоким импедансом (база), вход / выход с низким импедансом (эмиттер) и ток выход (коллектор).
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	Усилитель с обратной связью по току стабилизирует рабочую точку покоя, расширяет полосу частот и уменьшает искажения на выходе усилителя. Схема усиления G = 1 + R4 / R5 = 10. ОТА, однако, является предвзятым и биполярный. Выходной ток является нулевым дифференциальным входным напряжением. Входы переменного тока с центром около нуля производить выходной ток, который является биполярным и центрируется около нуля. Транскондуктивность ОТА можно настроить с помощью внешнего резистора, что позволяет пропускная способность, ток покоя и компромиссы усиления быть оптимизированным. Буферный усилитель без обратной связи обеспечивает 850 МГц

полоса пропускания и скорость нарастания 3000В / мкс.


Далее: https://www.allaboutcircuits.com/technical-articles/applications-current-feedback-amplifier-dual-cfa-composite-amplifier/

The fast dynamics (wide bandwidths as well as high slew rates) and low-distortion characteristics of CFAs make them suited to high-speed applications such as video systems, radar systems, IF and RF stages, DSL, and automated test equipment applications.

VFAs, on the other hand, offer better DC characteristics (low input offset voltage and bias currents), lower noise, and higher loop gains, so they are better suited to precision applications.

Figure 6 shows a composite amplifier that offers the best of both worlds. 
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Figure 6. A composite amplifier enjoying the best of both the VFA and the CFA worlds.
 

The circuit uses a VFA with a constant gain-bandwidth product (GBP) of 10 MHz to achieve a closed-loop gain of 100 V/V with a closed-loop bandwidth of also 10 MHz. Were it to act alone, the VFA would be capable of a bandwidth of only (10 MHz)/100 = 100 kHz. However, cascading it with a much faster CFA with a gain of 100 will trick the VFA into amplifying only by 1 V/V, that is, into acting as a mere voltage follower, whose closed-loop bandwidth we know to coincide with its GBP, in turn coinciding with ft. To avoid destabilizing the VFA by introducing any substantial delay within its feedback loop, the closed-loop bandwidth of the CFA should be much higher (by, say, a decade or more) than the GBP of the VFA, an easily achievable goal with the faster CFAs.The circuit enjoys the better input characteristics of the VFA (low input DC errors and noise) as well as the maximum achievable loop gain while providing the high slew rate and lower distortion of the CFA. Note also that any overheating by the output stage of the CFA will never reach the input stage of the VFA, thus reducing significantly the effects of input thermal drift.
	50 ohm driver circuit

RF - OscillatorUpdated: March 24, 2019

When you are connected to buffer a tester to outside tool, we should have an booster with enough bandwidth and power disposition ability. This circuit is a very simple for unity gain buffer; it is only two pairs of emitter followers. The base emitter voltages of Q1 and Q2 cancel out, and so do those of Q3 and Q4. The preset is used to zero out any small dc offsets due to mismatching in the transistors.

It has reasonably high input impedance, 50 ohm output impedance, a wide bandwidth and high slew rate.
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	50_OHM_LINE_DRIVER
CA3100 bipolar MOS opamp operates as high-slew-rate wideband amplifier that provides 18 V P-P into open circuit or 9 V P-P into 50-ohm transmission line. Slew rate is 28 V/μs.- Circuit Ideas for RCA Linear 1Cs, RCA Solid State Division, Somerville, NJ, 1977, p 13.
	[image: image13.jpg]SIGNAL
LEVEL
ADJUSTMENT

QUTPUT
514

OUTPUT

DC LEVEL
ADJUSTMENT

+15 v

3kQ -
10 k&2 oY
i
1.8 k&L
-5’y 2004 NOMINAL BANDWIDTH = 10 MHz

te= 35 ns
= SeekiC.com





	LT1360 - 800V/µs 50МГц  @ G=1,  LT1364 - 1000V/µs 70МГц  @ G=1
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	Я бы добавил серию R для ограничения тока на входе и заменил BAV99 на ESD-диоды TI. 0,5 пФ TPD1E04U04. Диоды должны работать быстрее, чем полевые транзисторы, чтобы защитить их, а электростатический разряд может составлять 10 ампер в пикосекундах.


Fast, low-noise JFET amp is stable over temperature
	While JFETs are excellent devices for low-cost high-input impedance amplifiers, they do suffer from temperature-dependent gain drift. This problem can be ameliorated by setting the drain current to the zero-drift operating point over the -55oC to 125oC temperature range.Figure 1 Transconductance curve families over temperature for J310 & J309 JFETs (OnSemi) Various JFETs have been tested for this Design Idea circuit: Sony 2SK152-2, Interfet IFN152, and Siliconix/Vishay/OnSemi J309, as they have high gain and a low gate leakage current of about 100pA. These JFETs are well suited to 1MΩ- to 1GΩ-input impedance amplifier design. The circuit works well to over 100MHz.
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Figure 2 Very wide temperature range, gain-stable, fast JFET high-impedance amplifier

One advantage of the circuit comes from its large operating temperature range (-55oC to 125oC

for the JFET). IC1 can be kept at room temperature, linked by a few feet of PTFE coax for

example, for temperature isolation. Thus the JFET can be mounted in a very cool environment for

lowest noise, which was a primary objective of the design. The input signal to JFET Q1 is fed to its gate, which is biased to ground through R3 (which could be a lower value in the case of a current-source input).

The JFET’s source is biased through the inverting current-to-voltage stage based on IC1. Vref, which

controls the quiescent VGS, is set between 0V & 3V for most JFETs to set the drain current at the

zero-drift midpoint, which also gives a large dynamic range for the input signal. By adjusting Vref, we

can bring Q1’s operating current to about 7mA-10mA, which is close to the zero-drift point. The

operating current has to be separately analyzed for each JFET to be set properly. For the 2SK152-2,

it was found to be 7.5mA ±1mA for the 1,000 JFETs I have tested.

IC1 is a fast CFA (current-feedback amplifier): Analog Devices’ AD812 at ±12V to ±15V, and

AD8009 at ±5V, have been used successfully. The feedback resistor R2 can be from 500Ω to 5kΩ, in

parallel with C1 of 100pF to avoid oscillations and overshoot. Remember that the output of the

amplifier has a voltage offset due to the biased input stage and hence is best suited to AC or pulsed

signals. A risetime of 10ns to 100ns is feasible with the proper R2/C1 combination. CFAs are

operated within a gain range of 2-10, set by resistor R2; at much higher gains, the amplifier starts oscillating.

R1 provides a test output to measure the current through the JFET. It also generates a fast 50Ω
output which can be directly connected to an oscilloscope. Both output signals are inverted

compared to the input signal – typically ±100mV. For DC-biased signals, a coupling capacitor of

about 1nF-10nF can be used in front of the gate.

Я бы добавил последовательный R для ограничения тока на входе и поставил ESD-диоды TI. 0,5 пФ TPD1E04U04. Диоды должны работать быстрее, чем полевые транзисторы, чтобы защитить их, а электростатический разряд может составлять 10 ампер в пикосекундах.
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Analysis and design of HBT Cherry-Hooper amplifiers with emitter-follower feedback for optical communications

In this article, the large-signal, small-signal, and noise performance of the Cherry-Hooper amplifier with emitter-follower feedback are analyzed from a design perspective. A method for choosing the component values to obtain a low group delay distortion or Bessel transfer function is given. The design theory is illustrated with an implementation of the circuit in a 47-GHz SiGe process. The amplifier has 19.7-dB gain, 13.7-GHz bandwidth, and /spl plusmn/10-ps group delay distortion. The amplifier core consumes 34 mW from a -3.3-V supply.
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Preamble
This article is pretty old now, but the general principles still hold true - provided that you actually believe that response beyond 20kHz (40kHz at a pinch) is actually worthwhile.  In the 18 years since initial publication, not one person has supplied any test results that demonstrate that this extended response is required for 'quality' sound reproduction.  I have had a few emails telling me that the THS6012 does indeed sound very good indeed (but I already knew that [image: image27.png]


 ), but circuits such as the Project 113 headphone amp sound just as good, and are far easier to build.

From my perspective, this article is not really relevant to audio, but it does have some information that might be new to readers (such as an opamp's output impedance vs. frequency).  Meanwhile, the same musings, discussions and arguments continue unabated, because there are a number of audio 'believers' to whom no scientific approach is acceptable.  If there isn't a copious amount of pure silver wire and refined snake oil in a design, they simply aren't interested.

Since I avoid snake oil (whether refined or 'virgin') and most of the other things that are so loved by many, there remain people who will never use one of my designs nor purchase PCBs for projects.  So be it, in my view.  I could easily compromise myself and wax lyrical about intangible properties of this or that 'magic' component, but I will not to do so.  The bulk of this article almost qualifies as snake oil, but it was worth publishing back in 2001, and it's worth keeping now.  Not because the THS6012 sounds 'better' than other approaches, but because it's still a viable option if anyone thinks it's worth the trouble.



Introduction
Over the past few decades, there has been much musing, discussion and outright argument about the need for wide bandwidth in audio systems.  Unlike most other discussions, I am not referring to extension to 30 or even 50 kHz, but well into the RF spectrum.  There is apocryphal 'evidence' that high speed amplifiers sound better, although after years of such debate and argument, no-one has been able to shed any light as to the possible reasons why this may be the case.

After an e-mail from Texas Instruments and a package of evaluation boards, documentation and a selection of high speed opamps, I started thinking about this issue seriously.  The original aim was simply to have a look at an xDSL line driver, which was thought to have great potential as a headphone amp, and this is most certainly true - initial tests are described below.

The real thing that got me to thinking was the seemingly impossible claim that different interconnects sounded different.  The tests I have run indicate that the differences between materials is so slight that it is all but immeasurable, and this is backed up by various others who have taken a similarly scientific approach, although in many cases to a far greater degree of refinement than my own testing.  Despite all the tests, there still seem to be situations where different cables are claimed to sound, well, different.  Are there any real differences? If so, no researcher so far has been able to verify any meaningful difference (no, sighted tests don't count because they are fatally flawed).

The following is somewhat speculative, since I don't have a radio frequency interference (RFI) problem where I live, and I am understandably reluctant to create some so I can test my theory properly.  Lacking a fully shielded room (Faraday cage), and a large amount of very expensive test gear, it is very difficult to prove anything one way or another.

Nonetheless, I think that the discussion to follow may prove to have some merit - I am very interested to hear any feedback from anyone who is in a position to test the ideas that follow.  The theory is quite solid, but the final proof is naturally in the listening and evaluation - provided it is done in a scientific and controlled manner.  Any single non-blind (as opposed to a properly conducted double-blind) evaluation is a waste of everyone's time, as the results are purely subjective.



1. The Need for Speed
Although you will not see it written very often, the venerable µA741 opamp is (just) fast enough for line-level audio, despite the fact that it has a slew rate of only 0.5 V/µs.  Contrary to popular belief, audio does not have super fast transients, since the sounds we hear are predominantly created by mechanical or biological means.  No mass (including air) can change its direction instantaneously unless an infinite force is used, and although I have come across a few pretty strong drummers (for example), there are none I would describe as 'infinitely powerful'.  These simple mechanical laws (and the filtering used on CD and when vinyl masters are cut), prevent the generation (or recording) of very high order harmonics that are needed to produce extremely fast rise times.

There is considerable evidence to show that many instruments (as well as speech) create harmonics in excess of 50 kHz, but they are low level, and do not (generally) contribute to fast rise times on transients.  Having said that, it is universally agreed that the 741 is not a good choice - they generally sound bloody awful.  To understand some of the reasons, we need to look at the frequency response, and its effect on the overall behaviour of the opamp.
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Figure 1.1 - µA741 Frequency Response

As you can see, there is a vast gain, but only at low frequencies.  The internal compensation capacitor rolls off the response above 10 Hz, and this means that as the frequency increases, there is less and less feedback to correct the internal distortion.  For the purposes of this discussion, there is a more insidious (and less well publicised) effect - the output impedance rises with increasing frequency.  For reference, the closed loop response is shown, where the gain has been set at 10 (20 dB).  As you can see, the opamp is struggling to maintain output at 20 kHz, and at slightly above this frequency, it has no feedback at all!
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Figure 1.2 - µA741 Closed Loop Response

Even at 10 kHz, the gain has dropped sufficiently that there is little feedback available.  It must be said that even gross distortion at 10 kHz is inaudible with a single tone, but intermodulation products are generated as a result of the multiple frequencies that are present with music.  The effects of such distortion do not seem to have been covered in any great detail in most journals and articles, but tests do exist.  They are never applied in reviews, nor are the results quoted in manufacturers' data.

The high frequency intermodulation products caused by the distortion at high frequencies may well be one of the reasons that wide band opamps are said to sound so much better than the likes of the µA741.  Even so, the best of the best VFB opamps will still have the same problem - only the degree is different.  There is no internally compensated VFB opamp that has an open loop bandwidth that extends beyond about 1 kHz, so they will all suffer from a frequency dependent reduction in feedback factor, a consequent rise in distortion, and increase in output impedance.

This is where the use of reasonably fast opamps becomes potentially important.  A cable terminated by a zero ohm source will pick up very little external noise, and cable noise (microphony) is all but eliminated because it is the result of an extremely high impedance 'generator' - the conductors and insulation material of the cable.  Zero ohms is an impossible figure and is irksome (to put it mildly) to achieve, and nearly all opamp circuits require a resistor in the output to prevent oscillation when a cable is connected.  The 'cable oscillation' topic is covered further a little later.  In 'signal level' audio, an impedance of less than 1 ohm is close enough to zero for all intents and purposes.

Even with a resistance of 100 ohms in series, the impedance is sufficiently low as to be quite effective in preventing noise pickup (including RF), and will still virtually eliminate microphony.  Except ... as the frequency increases, so too does the opamp's output impedance.  The 100 ohms at 1 kHz (for example), becomes greater even as low as 10kHz, reducing effectiveness further and further as frequency increases.  By 10 MHz, the opamp's output is effectively an open circuit, having an impedance many times the characteristic impedance of the cable.  At lower frequencies where opamp impedance is low, the 100 ohm resistor is a passable match to the cable, but only at one end.  The cable will become resonant at some frequency, determined by the length of the cable, its effective inductance and capacitance, and its velocity factor.  This happens with all cables, regardless of price, silver, wire size, or cryogenic soaking in snake oil !
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Figure 1.3 - µA741 Output Impedance Vs. Frequency

For effective shielding and transmission of RF, a cable is normally terminated at each end with its characteristic impedance.  This impedance matching (source to cable to receiver) is essential to prevent reflections and standing waves at the operating frequency.  Audio cables are not so terminated, and although this has no effect at audio frequencies, it potentially reduces the effectiveness of the cable at rejecting interfering RF signals.  (It is actually undesirable to match the impedances in audio, as there is an inevitable 6dB increase in noise, due to the reduction of signal level.)

The interfering RF affects not only the receiving circuitry, but the transmission end as well.  RF signals that find their way into the output of an opamp that has a limited bandwidth (and high output impedance at the interfering frequency) can have a very profound effect on the sound quality.  Non-linearities will always exist in any electronic equipment, but are normally reduced to very low levels (but never eliminated) by feedback.  When the opamp (or any other low impedance output amplifying device) has a signal fed into its output that cannot be reduced to near zero by the low output impedance, the signal may be fed back into the input, where rectification (AM detection) can take place.  This phenomenon is often observed when equipment picks up AM radio stations, but with a high resolution system, there may be audio degradation well before the interfering signal is discernible as a radio station.

The problem may be exacerbated by the use of a feedback capacitor (as shown in Figure 1.4), which provides a low impedance path from the output back to the -ve (inverting) input.  In theory, this also reduces the gain (and therefore the available feedback), but as shown, a 741 type opamp has no gain at all above 1 MHz, so any feedback path above this frequency will simply cause problems.  This technique is common with fast VFB opamps, and 'seems' not to cause any problems.  This is a reasonable assumption in the case of an internal amplifier stage, but needs further investigation when output stages driving cables are concerned.

It is worth noting that this form of feedback will simply cause a current feedback opamp (such as the THS6012 described here) to oscillate, and must not be used under any circumstances.

Another technique I have rarely seen used in any commercial equipment (except for power amplifiers where it is almost mandatory), is a Zobel network at the output of preamps and other low level signal sources.  This will ensure that the cable is terminated by a low impedance at nearly all frequencies, but this is difficult with opamps having limited high frequency response since the additional loading will only make distortion worse.  An explanation of how (and when) this is useful will be covered later in this article.
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Figure 1.4 - Feedback Cap Provides RF Path to Input

The sources of interference are wide and varied.  Some interfering signals are within the audio range, but the majority are radio frequencies, starting from the AM broadcast band at about 600 kHz, extending to the CB band (27 MHz), then through to amateur, commercial, TV bands and upwards.  Other commercial sources of narrow band interference include RF welding equipment (used for welding plastics), microwave ovens, mobile phones and the like (although digital mobile phones are hardly narrow band, since the signal is pulsed).

In addition there are residential and commercial sources of broad band interference - brush type electric motors, arc welders, switching systems, arcing insulators on the power distribution grid - the list is almost endless.

Although it may seem that so far I have simply beaten the poor µA741 to death, it must be said that there are many other opamps that are very much faster, and also provide lower distortion, higher open loop gain and far lower noise.  Even the very best of these still suffer similar problems at high frequencies (above 100 kHz), since they are designed for relatively conventional audio frequency applications.  This does not necessarily mean hi-fi - there are a great many applications for the audio frequency range that have nothing to do with 'audio' per sé.

In case you were wondering, the noise pickup effects described above do not mean that you should rush out and get new cables.  This has nothing to do with cables themselves, but has everything to do with the amplifier driving the cable, and/or receiving the signal at the other end.  With the proper techniques in place, a coat hanger will outperform the most expensive cable you can buy (assuming of course that shielded coat hangers are available where you live [image: image32.png]


 ).

A conversation with a friend recently uncovered the fact that he had a customer with an RF interference problem.  Substituting the original opamp for one with a much wider bandwidth (in this case he used an OPA2134) solved the problem.  A Zobel network was also added, and this managed to help the original opamp cope a little better, but could not eliminate the interference.  I don't know what the original opamp was, but in consumer equipment we can assume that it was probably the cheapest they could get away with.



2. High Speed Opamps
Enter the (relatively) new devices from Texas Instruments.  These were designed for xDSL (e.g. ADSL, or Asynchronous Digital Subscriber Line) applications, which use a large number of high frequency carriers to convey the data via multiple simultaneous channels (255 in the case of ADSL) .  The carrier frequencies are closely spaced, so very low distortion is essential to minimise cross-modulation of the carriers (basically intermodulation distortion).  At the far end of an analogue telephone line the signal may be greatly attenuated, so low noise is also important.

The above specifications already sound very satisfactory for audio - low noise and distortion are requirements in nearly all hi-fi applications, but there's more.  Unlike traditional voltage feedback (VFB) opamps, these new devices are current feedback (CFB), and have an extraordinarily wide bandwidth, so the degradation at the very highest audio frequencies is negligible, and there is no significant rise in distortion or output impedance until above at least 10 MHz.  Indeed, the performance of the THS6012 in this regard is as good or better at 100MHz than the uA741 at 1kHz.

The fundamental difference between VFB and CFB opamps is quite simple ... well, it is when you simplify it to the level I am about to [image: image33.png]
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Figure 2.1 - Simple CFB and VFB Opamps

As well as those shown in Figure 2.1, other perfect examples of VFB versus CFB are some of the ESP published projects - the "El Cheapo" power amplifier is CFB (as is DoZ and the minimalist preamp), while the 60-100W and P101 MOSFET Hi-Fi amplifiers are VFB.  The first thing one should notice that is different, is that the CFB amplifier has no Miller capacitor (also called the Dominant Pole).  This is normally connected between the collector and base of the Class-A driver transistor.  This is an absolute requirement for stability in a VFB amplifier, but with care, can be eliminated entirely (or at least reduced to a very much smaller value) in a CFB amp.

The result is a much wider open loop bandwidth for CFB amplifiers, but there is no longer any simple way to ensure DC levels through the amplifier are not shifted.  In the case of the DoZ amp, minimalist preamp and El Cheapo, the DC shift problem is avoided by using capacitor coupling, but this is not always convenient or desirable.  The issue is solved (at least to an acceptable degree) in the TI devices I have been testing, so DC offsets are not as big a problem as with relatively simple discrete designs.

Most commonly used opamps are VFB, and as such have an inverting and non-inverting input with approximately equal impedances.  They may happily be used as either inverting or non-inverting amplifiers, and they are quite predictable in normal use.  CFB opamps (to some degree) sacrifice DC accuracy for bandwidth, and this is done by eliminating the differential pair normally used as the input stage.

The gain in both the amps shown in Figure 2.1 is set by the ratio of (R2+R3) / R2, as one would expect, although it is not very accurate with the CFB amplifier (another of their little foibles).  In the CFB amp above, C1 is needed because DC operation is not possible with this simple configuration.  In a simulation done previously (see Amplifier Design), the VFB amp provides an open loop voltage gain of 1,640 (64dB).  By comparison, the open-loop gain of the CFB amplifier is 2,190 (67dB) - considering that all other things were maintained equal, the open loop gain is somewhat better.

The real difference is the bandwidth, which was not shown in the original article.  The CFB amp can provide an open loop -3dB frequency of over 1MHz, while the VFB amp (using a 33pF Miller cap) only manages 30kHz.  These figures are better than many normal opamps, but it must be pointed out that the noise and distortion figures for these simple circuits will be somewhat lacking compared to a premium opamp.

When the gain is reduced to 20dB (10 times), the -3dB frequency of the VFB amp is 5.6MHz, which is not too shabby at all.  At the same gain, the CFB amp really shows its true colours, with a -3dB frequency of 67MHz - better than 10 times the bandwidth!  In addition, the CFB amp has a much flatter phase curve, indicating that stability is potentially much better.  The 33pF capacitor used in the VFB amp is likely to be marginal in real life, and depending on the transistors used, may need to be increased to prevent oscillation.

As one might expect, there are disadvantages to the CFB configuration as well.  As well as DC offset, there is also a lower input impedance and higher bias current.  This means that for optimum results, the source impedance should be very low - this is not an issue with video distribution amplifiers or ADSL equipment, since the source impedance will typically be 50 or 75 ohms.  It can be an issue in audio, and in many cases a unity gain buffer will be needed in front of the CFB amplifier.

In addition, CFB opamps have different impedances for the +ve and -ve inputs.  Conventional opamps use the same topology for each input - almost invariably a long-tailed pair (a.k.a. differential amplifier).  As discussed in the Amplifier Design article, using this input stage means that a Miller capacitor is essential to maintain stability.  The CFB opamp has a non-inverting (+ve) input that is moderately high impedance, and an inverting (-ve) input that has an extremely low impedance.  As discussed above, the gain accuracy as set by the gain and feedback resistors (R2 and R3 respectively) is not as good as a VFB amp, and some tweaking of the gain resistor will be needed to obtain a precise gain.

The common unity gain buffer (where the output is tied directly to the inverting input) is not possible with a CFB amplifier, and a resistance must always be used.  In addition, the resistance value is critical to stability and bandwidth - if it is too high, bandwidth suffers, and if too low the amplifier will peak at some high frequency, and may easily become unstable.  At very low values (or zero ohms), instability is guaranteed, and the amplifier will oscillate.
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Figure 2.2 - Relative Frequency Response Vs. Frequency

Figure 2.2 shows the relative gain for various values of feedback resistor (adapted from the TI data sheet).  The voltage gain is set at 2 (6dB), and as you can see, when using a 1k feedback resistance (the recommended compromise value), the amp is 3dB down at about 70MHz.  Reducing the value will extend the -3dB frequency to around 250MHz, but at the expense of some peaking.

Even when set for a gain of 1000 (60dB), the THS6012's response is almost flat to 1MHz - this is more than an order of magnitude better than any compensated VFB opamp I know of - regardless of manufacturer or price.  As an example of the difference, the NE5532 (dual internally compensated) will barely make it to 20kHz at the same gain.  The NE5532 has a maximum open loop gain of 100dB, but only up to 1kHz - and these are still one of the fastest VFB opamps available.  It is worth noting that VFB opamps must always be compensated (most commonly using the Miller or dominant pole capacitor) whenever feedback is applied.  If not, they will oscillate.

For audio purposes, we don't need anything above 100kHz, but an extended response ensures that the interconnect will be terminated with a low impedance at nearly all potential interfering frequencies.  This can be extended easily by using a simple RC filter at the output of the preamp.  More on this later.



2.1  Cable Impedance
The characteristic impedance of cables receives little comment in the audio industry (other that for telephone circuits), and within the audio frequency band this is perfectly reasonable, since it is unimportant.  Where it is important is in RF work, but it is becoming more and more common that the two are combined - not because audio has become faster (if anything, the reverse is true), but because the sheer amount of RF pollution is increasing every day.

The sources of RF interference (RFI) are discussed above, but the concept of cable impedance is such that it is worth covering here - albeit briefly.  There are some cables that are quoted as being a specific impedance - 50 or 75 ohm coax, 300 ohm TV twinlead and 120 ohm unshielded twisted pair (UTP) for data connections are some examples.

The characteristic impedance of a cable is influenced by a number of factors, and it is easily calculated - although I shall spare you the gory details here.  Where cables become sneaky, is when they are a specific length compared to the wavelength of the signal.  This is unimportant at audio, since the cable is always very short compared to wavelength, and the telephone system is the only audio application where impedance is important.  This is due to the very long cable runs, up to 4km or more in some cases.

The wavelength is calculated by the following formula ...

Wavelength = C / f   (where C is velocity and f is frequency)

For sound in air, C is 345 m/s, but in the electrical domain (in free air or a vacuum), C is 3 × 108 m/s.  The velocity is reduced in any cable, and in a typical coaxial cable, the velocity is typically about 2.4 × 108 m/s.  This means that for a 70MHz interfering signal, the wavelength is 3.42 metres.  The reduction in the speed of propagation is known as the 'velocity factor, and is typically between 0.6 and 0.8 for most common cables.

RF is sneaky and cunning, and does not behave in what we might think is a sensible manner.  A length of coax 857mm long is 1/4 wavelength at 70MHz.  If one end is short circuit, the other end 'looks' like an open circuit.  An open circuit at one end appears to be a dead short from the other!  If an audio cable is unterminated at each end, the final effect is completely unpredictable if RF fields are present, and it is just as likely to act as an antenna.  The shield will not necessarily protect the inner conductor, but is quite capable of inducing a signal into it.  Being unterminated (or marginally terminated at one end only), the interconnect is now capable of injecting RF into the amplifiers' inputs and outputs - with unpredictable effects on sound quality.

As far as I know, there are few tests to determine the susceptibility of most audio equipment's interconnects to the effects of RF over a wide range, but there is considerable evidence to show that many amplifiers are afflicted.  Make a call on a digital mobile phone near most amps, and the characteristic noise is unmistakable.  What more subtle effects do lower RF levels have?  I don't know, but I doubt that they will enhance the listening experience.

So much for the technobabble.  (For the time being, at least.)



3. THS6012 Dual Line Driver
There are two devices that I shall concentrate on, being those for which samples were supplied by TI.  These are the THS6012 (500 mA dual differential line driver) and the THS1431 (High speed, low noise, fully differential I/O amplifier).  Highly suitable audio uses are presented for each device, but it must be said that implementation is not trivial.  Because of the wide bandwidth, these devices can (and do, I can assure you!) oscillate unless proper precautions are taken.  Bypassing is critical, as is the PCB capacitance - especially at the inverting input.  Even a few pF to earth from the inverting input will cause frequency peaking and possible oscillation, and when one of these little guys oscillates at 100 MHz or more, the current consumption (and subsequent device heating) can cause major problems.

A very brief specification of the THS6012 ...

· ADSL Differential Line Driver

· 400 mA Minimum Output Current Into 25 Ohm load

· High Speed

· 140 MHz Bandwidth (-3 dB) With 25 Ohm load

· 315 MHz Bandwidth (-3 dB) With 100 Ohm load

· 1300 V/us Slew Rate, Gain = 5

· Low Distortion

· -72 dB 3rd Order Harmonic Distortion at f = 1 MHz, 25 ohm load, and 20 Vpp output

· Wide Supply Range ±4.5 V to ±16 V

· Thermal Shutdown and Short Circuit Protection

The THS6012 is probably of greatest interest to the audio fraternity, simply because it is a dual amplifier, and is suitable for use in preamps or as a headphone amplifier.

A preamp with such a wide bandwidth is not possible with any conventional VFB opamp, but the input impedance of the THS6012 is somewhat lower than an OPA2134 or other premium opamp, and the maximum gain will be somewhat lower before oscillation becomes an issue.  Remember, we are discussing an opamp with a bandwidth of up to 315 MHz - this is in the UHF (Ultra High Frequency) RF band, a mysterious place where circuit design is as much a black art as a science.

Note the slew rate, which is quite exceptional, and the distortion is quoted at 1MHz, and at 20V p-p into 25 ohms!  Lower frequency or voltage, and higher impedance loads reduce it even further, and at audio frequencies is extremely low.  So low in fact that I cannot measure it with my equipment (grumble).



3.1   THS6012 CFB Opamp Headphone Amplifier
Because of its high drive current, the THS6012 seemed imminently suited to a headphone amplifier, and indeed, this was the suggestion originally made by TI.  Before I describe the technicalities, I will answer the question "So how does it sound?"

Quite frankly, I was disappointed.  There was absolutely nothing that sounded of 'amplifier' - this is probably as close to a straight wire with gain as you are likely to find.  There is nothing I can say about it, other than it is as clean, tight and transparent as anyone could hope for.  Bass response extends to DC, and even after the addition of a capacitor across the input to limit the HF response, it was only 0.1 dB down at 100 kHz.  In short - the performance is exemplary in all respects.

In the best traditions of the subjectivists, it would be nice to be able to say "Oh, yes - bass authority is outstanding, the imaging is to die for, and the highs are sooo transparent".  The foregoing may well be true, but me, I listen for noise and other artefacts, measure distortion (if possible), verify frequency response, and generally judge an amplifier on its accuracy.  The THS6012 is exemplary in all respects, but (there has to be a down side) the input impedance is somewhat lower than one might expect, and because of the extremely wide bandwidth, instability can be a real problem if the proper precautions are not taken.
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Figure 3.1 - Headphone Amplifier Test Circuit

As discussed above, this device uses current feedback (rather than voltage feedback as used in the more traditional audio opamps).  In this case, the current feedback requirement means that the feedback resistors will be of a much lower value than 'normal'.  I configured the amp with a gain of 12 (21.7 dB), and the output level was more than sufficient to cause hearing damage (if you like that sort of thing).  Ideally though, the THS6012 should be operated at a lower gain, as this helps to reduce the chance of oscillation.  Accordingly, most of the gain will be in a prior stage, and assuming that a high quality opamp is used, the overall performance is astonishing.  A simple gain stage based on an NE5532 or OPA2134 dual opamp will be more than sufficient.  If direct coupled from an opamp stage, R1 and R6 should be omitted to prevent excessive loading.

Even with the THS6012 configured for nearly 22dB, I could not measure the distortion, as it was virtually the same as the residual from my oscillator, and this applies to any frequency within the audio band.  This is in contrast to the majority of small power amps that are used for headphones, whose distortion increases with frequency - especially above 10 kHz.  Noise was completely inaudible.  Another of my tests is for clipping performance, as there are many amplifiers that are wonderful below clipping, but fall apart when a transient clips.  There is more information on this topic in the Amplifier Sound article, for those who may be interested.

Clipping performance was exemplary, showing only the very slightest rail sticking (or 'overhang') at the highest frequencies.  At normal audio frequencies, the THS6012 simply clipped, and resumed normal operation virtually the instant the signal was below the supply voltage again.  This is (of course) what amplifiers are supposed to do, but there are a great many that don't!  Very slight clipping overhang was observed at above 80 kHz, but there is no musical instrument on the planet that will ever get any amp to clip at such a frequency, and even if it did, we certainly couldn't hear it.

The overhang when an amp clips is caused by the output devices saturating (turning on as hard as they possibly can).  When a transistor saturates, it takes a finite time for the device to recover (when the base charge is depleted).  Some of you will remember ECL (Emitter Coupled Logic) - these logic ICs are extraordinarily fast because the transistors never turn fully on or off, thus preventing the slow-down as the base charge is dissipated.  Slightly off the topic, but interesting [image: image37.png]


.



3.2   THS6012 CFB Pre-Amplifier
The other primary uses for the THS6012 amplifier IC are as a preamp, or as a line driver feeding the signal through the interconnects from preamp to power amp.  The huge bandwidth and current capacity of this device make it ideal for a buffer/ line driver amp at the output of any preamp circuit.  The series resistance can be reduced much further than with VFB opamps, and a value of 10 ohms should be quite satisfactory to prevent the cable from causing oscillation.

This does not mean that the cheapest and nastiest cable should be used (although it will not affect the sound provided all connections are made properly).  A well made and sturdy cable is always the ideal, but these can be home-made for a minimal cost, and when properly driven, will outperform anything on the market.  You do not need to spend a great deal for cables, and anyone who says different is lying.

As a preamp, the CFB opamp has one major drawback, and that is its input impedance.  It is too low to interface with normal signal sources without an input buffer.  The optimum configuration for a preamp is to use a conventional VFB opamp as the input stage, with the THS6012 as the final gain and line driver.  This combines the best features of both types of opamp, and it is possible to make a preamp that will be better in all respects than any currently available (including passive versions).  I know that's quite a claim, but having experimented at some length with the device, it is well justified.

A two stage preamp means that the VFB opamp will not need to contribute very much gain, and indeed, with two stages each having a gain of 2, the overall gain is adequate at 12 dB, and the bandwidth of such a combination can easily be made to exceed 200 kHz.  With a medium input impedance (47k typical) and an output impedance of (say) 10 ohms, there is the potential to build the finest preamp in the world, limited only by your imagination and assembly skills.
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Figure 3.2 - Basic Concept of Preamp

Again, the circuit looks just like any other, and the output section is in fact almost identical to the headphone amp.  This preamp has the ability to drive and terminate the output cable to well in excess of 500MHz.  To my knowledge, there is no other hi-fi preamp available anywhere that has that ability.  A Zobel network at the output is recommended - not for stability, but to ensure that the output impedance remains constant up to at least 500MHz.  The inductance of a ceramic capacitor's leads (although very tiny indeed) will be sufficient to cause problems above this frequency, but this is still several orders of magnitude better than any other preamp available - regardless of price.

The OPA2134 (or NE5532) input stage provides the necessary impedance conversion from the source to the input of the THS6012.  This is a fast VFB opamp, and as shown has a gain of 2, or 6dB.  The combined gain is about 20dB, which is more than enough, and may need to be reduced in many applications.  Needless to say, a volume control is required, and with this arrangement you have little choice but to place it at the input.  The same basic circuit can be used for the headphone amp as well - in effect they are identical applications, except for the higher current drain when driving headphones.



3.3   Zobel Network
The use of a Zobel network is well known in power amplifiers, and the most common is 10 ohms in series with 100nF, connected from the amplifier output to earth.  This has a 3dB frequency of 159kHz, so above this frequency, where speaker leads are likely to present a high Q resonant circuit, the cable is effectively terminated by a low impedance that will effectively damp the cable resonance - at least from the amplifier's perspective.

That this has not been used in preamps before is somewhat surprising, but the most common (and generally quite successful) method of preventing opamp oscillation is to use a 100 ohm resistor in series with the output.  With lower resistances, this works with power amps too, but tends to reduce the available power and increases output impedance (thus lowering damping factor).

While the 100 ohm resistor (or other value, depending on the designer and the opamp) certainly works, it leaves the cable unterminated at RF, and increases the likelihood of interference pickup.  The addition of a Zobel network to ensure that the cable remains terminated is risky with most opamps, since the effective impedance of the network will be very low, and because of the limited bandwidth, will need to become effective too close to the opamp's upper frequency limit, and may impact on the upper end of the audio band.

This extra loading will stress the opamp - already straining to retain a flat response and with feedback falling at 6dB/octave.  There is the very real likelihood that there will be an increase in distortion at high frequencies.  This is not a problem in itself, but the intermodulation products could become an issue, and may be one of the reasons that opamps are often described in such derogatory terms by so many reviewers.  Unfortunately (of course) many reviewers seem to have no concept that there are different opamps with very different characteristics, and they gleefully lump them all into the same category.

A Zobel network intended to maintain an output impedance of 100 ohms at all frequencies will need to become effective at no less than about 150kHz for most conventional opamps, so the values would be 100 ohms in series with about 6.8nF, connected across the output as shown below.
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Figure 3.3 - Use of a Zobel Network for Preamps

With R1 = R2 = 100 ohms, and C1 = 6.8nF ...

This would be almost perfect for audio preamps, but the frequency is too low and the opamp loading too high!  The -3dB frequency is about 160kHz, so the opamp must be able to retain its output impedance at a low value (less than 10 ohms) up to this frequency.  Beyond that, the Zobel network will come into play, and will maintain the 100 ohm (or lower) termination up to that frequency where the capacitor's self-inductance (a few nH) is high enough to reduce the effectiveness of the circuit.  Ceramic capacitors are absolutely essential for this, as they have the necessary bandwidth and low inductance that is needed.

The effect on the sound may not be minimal as we would hope, since although the capacitor is isolated from the signal path by the resistor, its reactance is significant at normal audio frequencies.  At 20kHz, the cap has a reactance of 1.2k, so the opamp is quite heavily loaded at this frequency, increasing distortion.

The need for speed is again obvious - We need to use a faster opamp, and a much smaller capacitor.  If the far end termination is also used, the loading (and distortion) will be much worse, and frequency response will suffer within the audio band.

With an ultra fast device such as the THS6012, the same circuit can be modified so the cable is matched better, and the Zobel network's influence will be so far outside the audio spectrum that it will have no audible effect whatsoever (other than reducing the cable's ability to act as a combined antenna and resonant circuit).

Substitute R1 = R2 = 68 ohms, and C1 = 1nF ...

Now, the -3dB frequency at the output is 1.6MHz, and the reactance of a 1nF capacitor is about 8k ohms at 20kHz.  This is an insignificant load for any opamp, and the cable will be terminated by an impedance of not less than 68 ohms at all frequencies from DC up to several hundred megahertz.  This will greatly reduce the tendency of the cable to act as an antenna, feeding RF interference into the output of the source amplifier, and into the input at the far end.

Another (identical) Zobel network across the input of the far end will maintain a reasonably good RF termination at both ends, but will have no deleterious effect for audio - provided the source can cope with the impedance of the two Zobel networks.
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	This should never be done unless you are certain that the preamp is capable of driving the impedance presented.  A typical valve preamp with an output impedance of perhaps 10k, will be 3dB down at only 14kHz, and that is not allowing for the capacitance of the cable! The source impedance should ideally be less than 100 ohms.


The 'far end' termination technique is intended only where wide bandwidth opamps having a very low output impedance and high drive capability are used as the line driver - it will cause problems with any source with an output impedance greater than about 200 ohms.  With a 1k source impedance, an input circuit terminated as shown will be about 0.1dB down at 20kHz, with a 3dB frequency of about 150kHz.

Use of this technique is recommended, but only as part of a complete design, where the preamp and power amp (or electronic crossover) are designed to work together.



4. IC Mounting Details
The circuit details of both the headphone amp and preamp/ line driver are quite straightforward, but the device and its mounting are not.  These ICs are only available as surface mount, which means that they are a little less friendly than "normal" ICs for the average constructor.  The advantages are such that I believe the extra effort is warranted.  There are considerable constraints on the PCB design, because of the extraordinarily wide bandwidth of the IC.  The use of surface mount resistors is recommended for full bandwidth operation, but this further limits the design from an audio perspective.  Conventional resistors can be used, but this must be done with care, or the amp will oscillate.

The THS6012 opamp IC uses TI's PowerPAD™ technology - there is a heatsink pad on the underside of the device, and a suitable thermal connection is important.  Suffice to say at this time that using the method suggested by Texas Instruments is not recommended for home construction.
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Figure 4.1 - PowerPAD Package Details

The thermal pad sits at the surface of the PCB, and with normal surface mounting and reflow soldering, it is easy enough to ensure that the pad is soldered to the board.  A ground plane on the underside of the (double sided) PCB thus acts as a heatsink.  This method of thermal management is ideal for automated assembly, but is very difficult for mere mortals to accomplish at home.  I have experimented with several methods that are suitable for the home constructor, but I've not been able to come up with anything that doesn't require a considerable amount of tricky engineering.  These devices are not suitable for home constructors - they are designed for automated assembly and reflow soldering.

Proper power supply bypassing is essential, and the supply impedance must be as low as possible.  This means ceramic bypass caps, as these are the only devices with the necessary size and bandwidth requirements.  The size is important, because the bypass caps must be as close to the supply pins as possible - 2.5mm is the suggested maximum distance!  The capacitors themselves must also have extremely low inductance, and ceramic devices are the only ones that will satisfy these requirements.

Otherwise, the circuits are unremarkable.  They look just like any other opamp circuit, but with few slightly different component values.  Well, that is until you listen to the results - there is nothing remarkable about the sound, other than that it is as clean and un-coloured as if the amps were not there at all.



Conclusion
Does the foregoing mean that premium (conventional) opamps are a waste of time, and that the THS6012 should be the only amplifying device you will ever need?  No.  What I have attempted to convey here is that there may be a place for very fast opamps, especially in areas where electromagnetic interference is a serious problem.  These devices are also outstanding in all normal respects, and are (or should be) very worthy of consideration for your next preamp.  The contra-indications must also be considered though ...

· Input impedance is inconveniently low, and is not easily increased to the range considered normal for audio equipment.

· Power consumption is quite high, and the IC must use a heatsink.  Because the heat-spreader is on the underside of the IC it is quite irksome to add any form of heatsink.

· Availability cannot be guaranteed for any IC of this type, as they have a highly specialised application.

· Only available in SMD package, which makes it hard to use for many hobbyists.

Simple preamps like the P37 (DoZ) or P88 are not rendered obsolete either - the THS6012 just widens the selection, and provides some excellent benefits over the alternatives, but with the caveats mentioned above.  For most applications, opamps like the OPA2134 or NE5532 (or the LM4562 if you wish to spend a lot more) will do everything you need - except drive extremely low impedances.

Very high speed comes at a price however.  The devices themselves are not cheap, and are much harder to mount on a PCB than the alternatives.  Availability may also be an issue, and we can be certain that the normal retail electronics outlets will not stock such esoteric devices unless there is a considerable demand.

As a headphone amplifier, these opamps are superb, with not a single negative aspect.  I really doubt that there is a better headphone amp on the planet - and yes, I really do mean that!  Is it all worth the effort?  That, I shall leave up to you.

I would like to thank Texas Instruments for taking the time to contact me, and for providing test devices and documentation for their range of high speed opamps and balanced line drivers and receivers.



Terminology
Slew Rate - the maximum rate of change of voltage for an active device.  Slew rate is measured in Volts per microsecond, so an amplifier that can swing its output from +20V to -20V in one microsecond has a slew rate of 40 V/us

Characteristic Impedance - of a cable, that impedance determined by the diameter of the inner and outer conductors, their relative spacing and the dielectric characteristics.  Typical examples are 300 ohm TV ribbon cable, and 75 ohm coax

Velocity Factor - Electrical signals travel at the speed of light in a vacuum, but when trapped in a cable, their speed decreases.  The decrease depends on the cable construction, and as an example, the velocity factor of 75 Ohm coax is generally about 0.8, meaning that the signal travels at only 0.8 of the speed of light (0.8 × 3   108 = 2.4×108 metres / second).

Narrow Band - RF signals that are confined to a relatively narrow frequency range (e.g. 9kHz or 10kHz either side of the carrier signal for AM radio).

Broad Band - Interference signals that spread over a wide frequency range, sometimes from the mains frequency all the way into the upper RF bands.  Anything that creates arcs (such as most switches, welders, etc.) generates broad band interference.

