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Abstract

The aim of this research programme was to design and develop novel voltage-
followers/buffers, suitable for radio frequency (RF) applications. The emphases
throughout has been on improving key characteristics, in particular distortion,
operating bandwidth, input and output impedances, offset-voltage and power supply
demands of the design. The majority of the results of this work have been reported by

the author in the technical literature [1] to [6].

Initially this research focuses on the investigation of the underlying operating
principles of the voltage-follower to provide an in-depth understanding of its
operation. This study concentrates on establishing reasons for the poor distortion, low
input and high output impedances and increased offset-voltage and confirmed that
these designs have inherently poor performance in these parameters. The analysis is
carried out using both theoretical modelling and computer simulation, using the well-
established software package ORCAD PSpice. Despite the availability of high
performance computer simulation tools, it becomes apparent that ‘hand’ calculations
in the design process, generally based on DC and small-signal transistor parameters,
are essential. Therefore a detailed analysis of the transistor-models used throughout

this research is carried out with PSpice data.

Using the analytical results of the conventional voltage-follower as a
benchmark, various novel circuit techniques investigated. ~Several new circuits are
proposed with respect to improving the previously mentioned key characteristics. The

first technique comprises local feedback and single-valued current biasing and

iii



consists of emitter-followers exclusively throughout the signal path, keeping the
distortion of the input signal to low levels [1], [2]. The second technique is based on
local feedback with double-valued current biasing, increasing somewhat the power
dissipation but reducing, notably, the distortion of the configuration [3], [4], [S], [6].
The final technique employs the emitter-followers throughout the signal path in
combination with global feedback and double-valued current biasing, which presents
significantly better results, on certain parameters, than conventional and existing

configurations. It is anticipated that this work will be published in the near future.
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1.1 The voltage-follower

The subject of this thesis is voltage-follower (VF) design. VFs are one of the
most commonly encountered building blocks, found in almost all analogue systems.
An ideal voltage-follower is a unity-gain voltage amplifier with infinite bandwidth,
infinite input impedance and zero output impedance, which implies infinite current
gain, as well as offset voltage and zero input bias current [1-1}. Functionally, it is an
analogue buffer able to transfer an input voltage from a signal source to a lower
impedance load, without taking any current from the input source. In reality the
bandwidth will be limited and as, also, will be the desired input and output impedance
levels. The focus of this research is on the design and development of novel
voltage-follower architectures with the goal of achieving high-frequency bandwidth

and low distortion performance.

1.2 Historical perspective of the voltage-follower

The voltage-follower is a configuration that has been in use for over 100 years.
The original voltage-follower in vacuum or valve technology is the cathode-follower,
the second most common electron-tube circuit in use after the common-cathode
amplifier. This circuit dates back to the early days of the thermionic valve or electron
tube, to the beginning of the last century [1-2 to 1-5], after which developments of the
bipolar transistor in the early 1950s led to the replacement of the electron tube mainly,

due to the lower cost, size and improved reliability.
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The impact of the cathode-follower amplifier with negative feedback was

significant because it reduces distortion level. The principal application of the circuit
was to isolate amplifying stages from each other due to the very high input impedance
and very low output impedance inherent features of the cathode-follower. It was
widely used in the radio-transmitters [1-6] at 1920s, TV sets at 1930s [1-5], and

several biomedical applications at 1950s [1-7], [1-8].

Later, at early 1950s, the bipolar transistor was born, using semiconductor
material [1-9], replacing gradually the majority of electron-tube based configurations
with transistor-based circuits. The need for buffering between amplifier stages was
greater in bipolar circuit design than electron-tube design due to the lower input
impedance of the common-emitter stage. Voltage-followers, the bipolar equivalent of
the cathode-follower, were useful as input and output stages and they were integrated
into the chip. In order to optimize performance, companies like National
Semiconductors created dedicated integrated circuits specially designed as voltage-

followers, such as the LM102, in 1967 [1-10].

Nowadays, several voltage-follower configurations exist in an integrated
circuit form and others have been presented recently, claming they exhibit superior
performance to existent configurations [1-11 to 1-30]. Nevertheless, in almost every
case there is a trade-off between operating bandwidth, signal distortion, slew rate and
power dissipation. The inter-dependence of these parameters is complex and
optimisation of any voltage-follower design to maximise performance is a major

challenge.

1-3
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1.3 Negative feedback / local and global

Although a thorough review of negative feedback is inappropriate here, a brief
reference is necessary to provide a basis for the design and development of the
voltage-follower. The work presented here is divided into two main circuit

categories; the local feedback and the global feedback.

Negative feedback has been used for many years mainly for amplifier
linearization, [1-31 to 1-33]. It is a process whereby a linear proportion of the output
signal is subtracted from the input. That results in an effectively constant gain,
independent of the signal level, thereby improving the overall distortion of the circuit.
Additionally, using negative feedback the designer has the flexibility to increase the
input impedance and decrease the output impedance of the circuit, desirable
characteristics of voltage-follower designs. Furthermore, using a negative feedback,
the operating bandwidth of a circuit can be increased, at the expense of the overall
gain. Finally, the gain of an active device can be precisely controlled becoming less
sensitive to the variations of active device parameters and the tolerances of circuit

components, as well as such factors as the ambient operating temperature.

On the other hand, there are two significant drawbacks when using negative
feedback. Firstly, limitation in the maximum gain that can be achieved, which is
unavoidable since it is directly related to the benefits achieved. Secondly, the
tendency of the circuit to oscillate if, under certain conditions, the feedback changes

from negative to positive [1-34], [1-35].

Mr. Nikolaos Charalampidis Chapter 1
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Negative feedback is divided by the author into two main categories, local

feedback and global feedback. The first is concerned with linearising an individual
stage, improving the distortion and reliability of the circuit [1-36]. It provides gain
stabilisation and is preferred in configurations with small number of cascaded stages.
Nevertheless, under specific operating conditions, each feedback loop modifies the

signal and generates distortion which is additive when multiple stages used.

However, global feedback is considered to give much better results than
several small local feedback loops, but only if the amplifier has a high open-loop gain.
Global feedback contributes to the removal of significant amount of distortion from
all stages at once, overcoming the effect of additive distortion from each cascaded
stage [1-37], [1-38]. The main drawback of this type of feedback is the requirement
for a dominant-pole capacitor, to prevent sustained circuit oscillations. Consequently,
the bandwidth of the circuit will reduce as well as the open-loop gain at higher

frequencies.

1.4 Thesis outline

The thesis is divided into eight main chapters, and to make the reading of it
more straightforward, only the results of longer mathematical derivations are included
in the relevant text, with the full working given in the appendix linked directly to the
end of each chapter. In addition, chapter references are laid out at the end of each

chapter as well as in a complete alphabetical order at the end of the thesis.

1-5
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Following this introductory chapter, Chapter 2 concentrates on the

fundamentals of the voltage-follower and its ideal and practical properties. A review
of voltage-follower classifications is presented, together with the specifications to be
met in this thesis. The chapter finishes with several popular application examples of

the voltage-follower.

A detailed analysis of the transistor-models used throughout this research, is
presented in Chapter 3. The process of developing a new circuit is supported by
theoretical analysis. Unfortunately analytical device model parameters are not easily
obtained directly from PSpice parameters. A key part of this chapter is extraction of
these model parameters from PSpice device characteristics, at the particular operating
conditions required for each design. It will be shown that a thorough analysis of
these parameters is necessary for accurate design, based on ‘hand-calculations’ and
that without them, in a number of cases, the simulation results do not match the
theoretical analysis. In the same chapter, a review of biasing techniques is included
together with an introduction to current-biasing circuitry that has been chosen for use

because of its superior performance compared with other similar configurations.

Chapter 4 is a critical review of the conventional emitter-follower, including
analysis of both DC and small-signal conditions. Comparatively, the treatment of the
emitter-follower given in textbooks is not as extensive as that undertaken by the
author, consequently the analysis presented in this chapter is quite thorough and
thought to be original in some respects. Also, Chapter 4 sets the benchmarks for this
research. All the proposed configurations are investigated, analysed and compared

with the conventional circuit, in order to give the reader clear insight into the

1-6
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performance of each proposed design, and its relative superiority over the

conventional circuit.

In Chapter 5, a novel voltage-follower, using local feedback and single-valued
current biasing is presented. The circuit idea is based on the on the original ‘L.LH0002’
type buffers developed in the 1970s by National Semiconductors [1-39], more
recently referred to as the ‘Diamond’ circuit [1-40] which is very commonly used as
the input or output stage of a current feedback op-amp (CFOA) [1-41], [1-42] and a
current conveyer |1-43]. After the analysis and the simulation of the ‘Diamond’
circuit, according to the benchmarks set in the previous chapter, progressive
modifications are presented, up to the proposed circuit, which is again analysed and

simulated in a similar manner.

Chapter 6 presents two more novel voltage-follower designs, again with local
feedback, but this time with double-valued current biasing. The analysis and
simulation of both designs, similar to the previous circuit, showed that even better
results, as far as the input and output impedance as well as distortion, can be achieved,
compromising slightly the power dissipation of the circuit. Their performance
parameters have been tabulated and compared at the final chapter with all the rest

circuits, for the convenience of the reader.

A further novel voltage-follower design is developed in Chapter 7. This time,
the circuit uses global feedback to achieve low signal distortion and even lower output
impedance than the previous designs described. As described in the previous section,

under certain conditions, the negative feedback can cause oscillations to a circuit

1-7
Mr. Nikolaos Charalampidis Chapter 1



Novel approaches in voltage-follower design OXFORD

BROOKES

UNIVERSITY
when it becomes positive. A good example of that is the circuit presented in this

chapter. Consequently, in addition to the analysis of the new circuit, a compensation
technique is presented which provides stable operation for the circuit. Finally, this
chapter presents a comparative assessment of the most important parameters of the
VFs investigated in this work. The assessment shows that the best voltage-follower is

subject to trade-offs.

The last chapter, Chapter 8, is entitled Conclusions and future work. This
contains an overview and reflection on the main body of work on the voltage-follower
designs investigated. Finally, comments on implementing some of the designs in

BiCMOS technology are included, and future development possibilities are described.

Some of the work reported in this thesis has been published and it is a
recommendation/regulation of Oxford Brookes University that these papers are
included in the thesis as they appeared in the publication. They can be found at the

end of this thesis, after the list of references.

1.5 The original contribution of this work

The outcome of this work is four new designs which exhibit better
performance parameters than similar in the market or recently presented circuits [1-11
to 1-30]. All four circuits, in addition to the overall good performance, present a

strong point, and the decision for the most suitable design is subject to the application.
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The first novel voltage-follower presented (Type A) is a circuit with very low

offset voltage (64uV), wide bandwidth (2.7GHz), low power dissipation (34.6mW)
and low signal distortion. The second and third novel circuits (Type B, VFB/1 and
VFB/2) have been designed to provide fast operation, low distortion and wide voltage
swing in addition to the good overall performance. In particular, the VFB/1 follower
presents a very high slew-rate (4810V/us), low distortion (-70dB at 250MHz) and
increased, compared to the Type A, voltage swing (+2V on a +3.3V supply), while the
VFB/2 combines the good performance of the VFB/1 with even higher voltage swing
(£4.5V on a £5V supply), low output impedance (2.4Q) and small, in size, core (six
devices). Finally, the fourth novel design (Type C) combines high input (15.1MQ)
and low output (0.036Q2) impedance, high Gain flatness (170MHz to within 0.1dB),

low offset voltage (228uV) and good output swing.

Mr. Nikolaos Charalampidis Chapter 1



Novel approaches in voltage-follower design OXFORD

BROOKES

UNIVERSITY
References for Chapter 1

[1-1] Intersil, ‘The Care, Feeding, and Application of Unity-Gain Buffers’,

Application note AN1102, March 23, 1998.

[1-2] Reich J.H., ‘Theory and Applications of Electron Tubes’, McGraw-Hill, New

York, 1939, pp.656-659.

[1-3] Richter W., ‘Cathode Follower Circuits’, Electronics, 1943, pp.112-117, 312.

[1-4] Ryder D. J., ‘Engineering Electronics’ McGraw-Hill, New York, 1957,

pp.65-86.

[1-5] Blackburn P.A., ‘The cathode follower’, the Radio Constructor, 19535.

[1-6] White H.T., ‘Pre-War Vacuum-tube Transmitter Development (1914-1917)’,

United States Early Radio History, section 11, http://earlyradiohistory.us/ , date

accessed: Oct. 2006.

[1-7] Bak A., ‘A unity gain cathode follower’, Electroencephalography and Clinical

Neurophysiology Supplement, Nov. 1958, pp.745-748.

[1-8] Meijer A., ‘A Compensated Cathode-follower for use in Electro and

Neurophysiology’, Medical & Biological Engineering, May 1967, pp.299-302.

[1-9] Shockley W., Madison N.J., ‘Circuit Element Utilizing Semiconductive

Material’, Patent No. 2569347, United states Patent Office, Sept. 1951.

1-10
Mr. Nikolaos Charalampidis Chapter 1



Novel approaches in voltage-follower design OXFORD

BROOKES

UNIVERSITY
[1-10] National Semiconductor, ‘The LM102’, Datasheet, 1967.

[1-11] Barthelemy A., ‘Low-output-impedance Class AB Bipolar Voltage Buffer’

Electronics Letters, Vol.33, No.20, Sept. 1997.

[1-12] Hadidi Kh., Sobhi J., Hasaakhaan A., Muramatsu D., Matsumoto T., ‘A Novel
Highly Linear CMOS Buffer’, IEEE International Conference on Electronics,

Circuits and Systems (ICECS 98) Lisbon, Portugal, Sept. 1998.

[1-13] Cataldo Di G., Palmisano G., Palumbo G., Pennisi S., ‘High-Speed Voltage
Buffers for the Experimental Characterization of CMOS Transconductance
Operational Amplifiers’, IEEE Transactions on Instrumentation and

Measurement, Vol.48, No.1, Feb. 1999, pp.31-33.

[1-14] Carvajal G.R., Ramirez-Angulo J., Lopez-Martin J.A., Torralba A.,
Galan G.A.J., Carlosena A., Chavero M.F., “The Flipped Voltage Follower: A
Useful Cell for Low-Voltage Low-Power Circuit Design’, IEEE Transactions
on Circuits and Systems-I: Regular Papers, Vol.52, No.7, July 2005,

pp.1276-1291.

[1-15] Tai H.Y., Pai C.C,, Chen T.B., Cheng C.H., ‘A Source-Follower Type
Analog Buffer Using Poly-Si TFTs With Large Design Windows’, Electronics

Letters, Vol.26, No.11, Nov. 2005, pp.811-813.

[1-16] Jimenez M., Torralba A., Carvajal G.R., Ramirez-Angulo J., ‘A New Low-
Voltage CMOS Unity-Gain Buffer’, IEEE International Symposium on

Circuits and Systems (ISCAS 06), Kos, Greece, May 2006, pp.919-922.

I-11
Mr. Nikolaos Charalampidis Chapter 1



Novel approaches in voltage-follower design OXFORD

BROOKES

UNIVERSITY
[1-17] Ramirez-Angulo J., Gupta S., Carvajal G.R., ‘New Improved CMOS Class

AB Buffers Based on Differential Flipped Voltage Followers’, IEEE
International Symposium on Circuits and Systems (ISCAS 06), Kos, Greece,

May 2006 May 2006, pp.3914-3917.

[1-18] Ramirez-Angulo J., Lopez-Martin A.J., Carvajal G.R., Torralba A.,
Jimenez M., ‘Simple class-AB voltage follower with slew rate and bandwidth

enhancement and no extra static power or supply requirements’, Electronics

Letters, Vol.42, No.14, July 2006, pp.784-785.

[1-19] Torralba A., Carvajal R.G., Jimenez M., Munoz F., Ramirez-Angulo J.,
‘Compact low-voltage class AB analogue buffer’, Electronics Letters, Vol.42,

No.3, Feb. 2006.

[1-20] Elwan H., Ismail M., ‘CMOS low noise class AB buffer’, Electronics Letters,

Vol.35, No.21, Oct. 1999.

[1-21] Kadanka P., Rozsypal A., ‘Rail-to-rail voltage follower without feedback’,

Electronics Letters, Vol.36, No.2, Jan. 2000.

[1-22] Barthelemy H., Kussener E., ‘High Speed Voltage Follower for Standard
BiCMOS Technology’, IEEE transactions on circuits and systems-II: analog

and digital signal processing, Vol.48, No.7, July 2001, pp.727-732.

[1-23] Torralba A., Carvajal R.G., Galan J., Ramirez-Angulo J., ‘Compact low power

high slew rate CMOS buffer for large capacitive loads’, Electronics Letters,

Vol.38, No.22, Oct. 2002.

1-12
Mr. Nikolaos Charalampidis Chapter 1



Novel approaches in voltage-follower design OXFORD

BROOKES

UNIVERSITY
[1-24] Nakhlo W., Kasemsuwan V., ‘A High Performance Rail-to-Rail Voltage

Follower’, IEEE Proceedings of International Technical Conference on
Circuits/Systems, Computers and Communications, ITC-CSCC 2006, Chiang

Mai, Thailand, July 2006, Vol. III, pp.753-756.

[1-25] Intersil, ‘HA-5033 — 250MHz Video Buffer’, Datasheet, FN2924.6, Oct.2004.

[1-26] Analog Devices, ‘AD8045 - 3nV/Hz Ultralow Distortion High Speed Op

Amp’, Datasheet, 2004.

[1-27] Analog Devices, ‘ADA4899-1 — Unity Gain Stable, Ultralow Distortion,

1nV/VHz Voltage Noise, High Speed Op Amp’, Datasheet, 2005.

[1-28] Analog Devices, ‘AD9630 — Low Distortion 750MHz Closed-Loop Buffer

Amp’, Datasheet, 1999,

[1-29] National Semiconductor, ‘LMH6560 — Quad, High-Speed, Closed-Loop

Buffer’, Datasheet, Dec. 2004.

[1-30] National Semiconductor, ‘LMV115 — GSM Baseband 30MHz 2.8V Oscillator

Buffer’, Datasheet, Dec. 2003.

[1-31] Black H.S., Wave Translation System. U.S. patent 2,003,282. Filed August 8,

1928. Issued June 4, 1935.

[1-32] Black H.S., Wave Translation System. U.S. patent 2,102,670. Filed August 8,

1928. Issued Dec. 21, 1937.

1-13
Mr. Nikolaos Charalampidis Chapter 1



Novel approaches in voltage-follower design OXFORD

BROOKES

UNIVERSITY
[1-33] Black H.S., Wave Translation System. U.S. patent 2,102,671. Filed April 22,

1932. Issued Dec. 21, 1937.

[1-34] Gray R.P., Hurst J.P., Lewis H.S., and Meyer G.R., ‘Analysis and Design of
Analog Integrated Circuits’, John Wiley and Sons, 4™ Edition, New York,

2001, pp.553-557.

[1-35] Sedra A., Smith K., ‘Microelectronic Circuits’, Oxford University Press, 5th

Edition, New York, 2004, pp.791-798.

[1-36] Kenington P.B., ‘High-Linearity RF Amplifier Design’, Artech House, INC.,

USA, 2000, pp.135-145.

[1-37] Lantz M., ‘Linearity Optimization in Negative-Feedback Amplifiers’, Nordic

Radio Symposium (NRS) 2001, Utsikten, Sweden, 2001.

[1-38] Lantz M., Mattisson S., ‘Nonlinearity of Multistage Feedback Amplifiers’,
IEEE International Workshop on Nonlinear Dynamics of Electronic Systems

(NDES) 2002, Izmir, Turkey, 2002,

[1-39] National Semiconductor, ‘The LH0002 Buffer’, Datasheet, Sept. 1968.

[1-40] Tammam A., Hayatleh K., Hart B.L., and Lidgey F.J., ‘A high performance
current-feedback op-amp’, ISCAS 2004, Vancouver, Canada, May 2004,

pp.1-825 to 1-828.

[1-41] Texas Instruments, ‘Voltage Feedback Vs Current Feedback Op
Amps’, Application report SLVAO051, Nov. 1998.

1-14
Mr. Nikolaos Charalampidis Chapter 1



Novel approaches in voltage-follower design OXFORD

BROOKES

UNIVERSITY
[1-42] Tammam A.A., ‘Novel approaches in current-feedback operational amplifier

design’, Ph.D Thesis, Oxford Brookes University, Sep. 2005.

[1-43] Toumazou C., Lidgey J.F., Haigh G.D., ‘Analogue IC design: the current-

mode approach’, Peter Petegrinus Ltd, 1990, pp.93-104.

1-15
Mr. Nikolaos Charalampidis Chapter 1



Novel approaches in voltage-follower design OXFORD

BROOKES
CHAPTER 2

UNIVERSITY

The ideal and real voltage-follower

2.1 Introduction

2.2 The ideal and non-ideal voltage-follower and its properties

2.3 Practical terminal parameters
2.3.1 DC characteristics
2.3.2 Loading characteristics
2.3.3 Total harmonic distortion (THD) and Intermodulation distortion (IMD)
2.3.4 Noise performance
2.3.5 Large signal output parameters

2.4 Specifications to be met in this thesis

2.5 A classification of voltage-follower designs
2.5.1 Type A, using local feedback and single-valued current bias
2.5.2 Type B, using local feedback and double-valued current bias
2.5.3 Type C, using global feedback

2.6 Applications

2.7 Summary of Chapter 2

References for Chapter 2

2-1
Mr. Nikolaos Charalampidis Chapter 2



Novel approaches in voltage-follower design OXFORD

BROOKES

UNIVERSITY
2.1 Introduction

This chapter considers some of the basic features of voltage-followers (VFs).
Initially, a definition of the ideal VF together with its symbolic and system
representation is given combined with graphic illustrations of its practical properties.
In addition, practical terminal parameters required by a VF are listed followed by the
performance parameters required to be met in this work. Finally, the classification
system of VF designs adopted in this work is presented, followed by some typical VF

applications,
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2.2 The ideal and non-ideal voltage-follower and its properties

An ideal VF |2-1 to 2-3] may be defined as a module that senses, at its input,

the instantaneous value of a signal voltage, without loading it in any way, and

produces at its output a replica (i.e. exact copy) of that signal irrespective of the

output loading or environmental conditions. Consequently, it should provide unity

gain for any type of input signals, it should have an infinite input impedance and zero

output impedance under any operating conditions as well as infinite slew rate.

Nevertheless, it is not possible to produce an ideal voltage-follower. Figures 2.1 and

2.2, respectively show the symbolic and system representation of the ideal voltage-

follower. Figure 2.3 shows graphically some of the properties of a non-ideal VF.

VF

Fig. 2.1 Symbolic representation

—_— Vs ( Vo=GVs=Vs
Zi(jo) \

Zo(jo)

Fig. 2.2 System representation
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2.3 Practical terminal parameters

For specific rail supplies, the practical characteristics of a voltage-follower are

given below:

2.3.1 DC characteristics
DC input current with Vs=0

Quiescent power dissipation P, with Vs=0

2.3.2 Loading characteristics

Small-signal voltage gain characteristic, (YP—J vs
S

Incremental input impedance (|Zi| and £Zi)

Incremental output impedance (|Zo| and £Zo)

2.3.3 Total harmonic distortion (THD) and intermodulation distortion (IMD)

2.3.4 Noise performance

This is expressed in terms of equivalent input noise, due to the limitation it
introduces on the smallest input signals that the circuit can handle without

distortion [2-7].
2.3.5 Large signal output parameters

DC loading

Large signal voltage step response

Mr. Nikolaos Charalampidis Chapter 2



Novel approaches in voltage-follower design

2.4 Specifications to be met in this thesis

OXFORD

BROOKES

UNIVERSITY

Important parameters (specifications) adopted in this work is given in Table 2.1

Parameters Values
Veel 5 [Vee] <5V
Py <35mW
1Zi > 5SMQ
|20 <100
Vsmin) 2Vpp
|G| (1-¢), where € < 0.1 up to 250MHz
THD < -80dB at SMHz
THD < —60dB at 250MHz
IMD <-55dB
Temperature range -20°C up to 100°C

Table 2.1 Specifications to be met in this work
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2.5 A classification of voltage-follower designs

2.5.1 Type A, using local feedback and single-valued current bias

A single stage feedback rather than a complete multistage configuration is used.
In addition, only one value of current bias is used. Two elementary examples of this,

discussed in detail later, are shown in Figure 2.4.

Vee
I
Vo
g {]

Vs e
= Q1 s
. D—K Qt
Q4 e

(b)
Fig. 2.4 Elementary examples of voltage-followers Type A:
(a) conventional emitter-follower, and
(b) two-stage emitter-follower
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2.5.2 Type B, using local feedback and double-valued current bias

An example of Type B is shown in Figure 2.5.

Vce

Vs Vo
Q1 . 0

21

-Vee

Fig. 2.5 A circuit diagram of VF Type B
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2.5.3 Type C, using global feedback

An example of Type C is shown in Figure 2.6. This design happens to use two

values of current bias but that is not a necessary feature of this classification.

Vs

Fig. 2.6 A circuit diagram of VF Type C
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2.6 Applications

e Instrumentation amplifiers with high input and low output-impedance [2-8]
e Active filters [2-8]

e Boot-strapped linear sweep [2-8]

e  Peak detectors |2-8]

e  Analogue signal multiplexing circuits [2-8]

e Video switches (T-switches) [2-9]

e LCD display buffers [2-10], [2-11], [2-12]

e  Multiplexed converter drivers [2-13]

e Single-ended input ADC drivers [2-14]

e Sample and hold circuits [2-15]
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2.7 Summary of Chapter 2

This chapter considered an introduction to the basic voltage-follower,
presenting pictorially some of its basic performance parameters.. Practical parameters
that will be used to evaluate both the conventional and the proposed configurations
have been presented together with a list of the terminal characteristics required by a
voltage-follower that meets the specifications required for the circuits in this thesis.
Finally, a wide range of typical applications using voltage-followers, has been
presented with examples from recent publications by leading semiconductor

manufacturers.
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3.1 Introduction

This chapter is divided into two main parts. The first part presents a detailed
analysis of the transistor-models used throughout this research, pointing out some of
the parameters that are either not explicitly listed in SPICE transistor parameter set or
whose values are not appropriate to the operating conditions envisaged. Presenting, at
first, the methodology of measurement and, secondly, the results obtained it will be
shown that a detailed investigation of these parameters is necessary for accurate
design based on hand-calculations and that without them simulated results do not, in
some cases, agree with the theoretical analysis. The second part of this chapter
presents the analysis of two current-biasing configurations, which have been used to
provide the DC supply to conventional and proposed designs. These bias schemes use
current-mirrors, so the analysis is concentrated mainly on current-transfer from the
input to the output, as well as the output impedance at low frequencies. This section
finishes with a reference to several well-established current mirrors and their

performances compared with the ones chosen.

It is worthy of mention that the operating current of the proposed designs will
be either ImA or 0.7mA, as is used in subsequent chapters. For that reason, most of
the simulations, including current-mirrors and transistor-model characteristics, have
been accomplished using both these currents. Furthermore, a wide temperature range

is covered during simulations.
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3.2 Device characterisation

The main objective of the following paragraphs is to provide an insight to the
performance of the transistor models used throughout this research. It will be shown
that, for both NPN and PNP devices, some of the transistor parameters supplied by the
manufacturer were not appropriate, thus resulting in a considerable difference
between hand-calculation and simulated results, when the SPICE values were used.

The measurement of transistor parameters is divided into two parts, DC and AC.

3.2.1 DC parameters

3.2.1.1 DC current gain measurement

It is well-known that the transistor DC current gain, By, depends on transistor
operating conditions [3-1], such as the collector current, I, the collector-base
voltage, Vg, and the operating temperature, T. The variation of B with T has been

attributed to the extremely high doping density level in the emitter region. This

variation, with I and T is indicated in Figure 3.1.
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0.1p 1n 10p 0.lm Im

Collector current Ic (A)

Fig. 3.1 Variation of 3 with temperature and collector current [3-1]

In order to proceed with the detailed analysis of the conventional and novel
configurations, throughout this thesis, the exact values of B, should be specified, for

all values of T and I, for DC and AC operation. The simple circuits adopted for

testing B of the NPN and PNP transistors are shown in Figures 3.2 and 3.3,
respectively. In those Figures, ignoring initially the AC current sources, a DC current
is applied to the base of the transistor, so that the collector current is 0.1mA, 0.2mA,
0.3mA etc. The two current probes, one in the base and the other in the collector of
the transistor indicate the value of the current in each branch. The testing covers a
temperature range from -20°C up to 100°C, and collector currents from 100pA up to

ImA.

3-4
Mr. Nikolaos Charalampidis Chapter 3



Novel approaches in voltage-follower design OXFORD

BROOKES

: ] ; UNIVERSITY
The DC current gain of the transistors, in each case, is given by the following

expression

" 3.1)

cc

)

o2/
o
NS4

R
0
>

-V

ce

Fig. 3.3 Current gain testing circuit for PNP devices

Fig. 3.2 Current gain testing circuit for NPN devices

Table 3.1, shows the DC current gain of the NPN transistor for the whole
current and temperature range and similarly, Table 3.2 shows the DC current gain for
the PNP device. As mentioned earlier, with increase in operating temperature, the
current gain of the device increases due to the increase in the emitter injection
efficiency, y . It is apparent that a low operating temperature offers more constant
current gain, for variable collector current, although the current gain is not as great as

at higher temperatures.
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Collector current Br I
(mA) -20°C 27°C 100°C
||

0.1 49.3 64.9 92.5
0.2 48.4 63.4 89.6
0.3 47.5 62.0 871
0.4 46.8 60.8 84.7
0.5 46.0 59.5 82.6
0.6 453 58.4 80.6
0.7 44.6 57.3 78.7
0.8 43.9 56.2 76.8
0.9 43.2 55.2 75.2

1 42.6 54.2 73.5

Table 3.1 DC current gain of the NPN devices used

Collector current
(mA)

-20°C

0.1 44.4 56.4 771
0.2 42.8 53.9 73
0.3 41.4 51.9 69.6
0.4 401 50 66.6
0.5 38.9 48.3 64
0.6 37.8 46.7 61.5
0.7 36.6 452 59.2
0.8 35.7 43.8 57.1
0.9 347 42.4 55.1
1 33.8 41.2 53.3

Table 3.2 DC current gain of the PNP devices used

A similar conclusion can be made regarding the current gain of the PNP

devices. In addition, it can be seen that the current gain of the PNP devices is lower,

although both devices are supposed to be complementary. This is an important point,

considered again later.
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The variation of B with the collector current obtained above, shows that the

transistor operates somewhere between the Region II and the beginning of Region II1.

Ideally, of course, By should be constant. Apart from that, it was proved that the DC

current gain of the transistors used was much less than the figure given by the

manufacturer B,y =74 and Ppyp =84 at room temperature. The values obtained

are used later, in the analysis of the basic emitter-follower and other circuits.
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3.2.1.2 Early-Voltage measurement

The Early-Voltage (V, ) of a transistor is an important parameter in analogue
circuit analysis. V, determined is used later in this chapter as well as in the

following chapters for the calculation of circuit incremental output resistance. V,

measurement has been carried out using the circuit shown in Figure 3.4(a) for NPN

devices, and Figure 3.4(b) for PNP devices, over a range of temperatures.

PR @)

il
k|

(a) (b)

Fig. 3.4 VA measurement set up;
(a) NPN, and (b) PNP
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V, is given by:

l_C _1__(ﬁ+1) (3.2)
Vo R, 1, '

where, L is the collector-base internal resistance, which measured [3-2] 32.5M2 for
the NPN and worked out at 6M(Q for the PNP devices used, B is the transistor current

gain and R, the output resistance of the transistor. Full details of the analysis are

given in Appendix 3.1.

For a particular operating current I, all parameters are known apart from

the output resistance. R can be found by means of simulation.

In the circuits of Figures 3.4(a) and 3.4(b), the output current is controlled by

the current source I, and it was set for I =1mA. The small AC voltage applied at
the output of the circuit facilitated the measurement of R,. Figure 3.5 shows the

output impedance of the circuit of Figure 3.4(a), for 1. =1mA, over a temperature

range. Following the same procedure, Figure 3.6 shows the output impedance of the
circuit of Figure 3.4(b), for ImA operating current, over a temperature range. Tables
3.3 and 3.4 present the Early-Voltage obtained after the calculations, for both NPN

and PNP devices.
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Fig. 3.5 Output impedance of the NPN transistor over the temperature range
for I =ImA, Voo =5V

Output current [ (mA) 1
Operating Temperature (°C) -20 27 100
Early Voltage (V) 86.1 89.61 97.57

Table 3.3 Measured V, (i.e.V,, ) of the NPN devices used
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Fig. 3.6 Output impedance of the PNP transistor over the temperature range
for [ =ImA, Vge =5V

10GHz

Output current I (mA) 1
Operating Temperature (°C) -20 27 100
Early Voltage (V) 21.2 22.8 26.1

Table 3.4 Measured V, (i.e. V,;) of the PNP devices used
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3.2.2 AC parameters

3.2.2.1 AC current gain measurement

Following the same procedure as in section 3.2.1 an AC signal with current
less than 10% of the magnitude of DC current was applied to the base of the

transistor, and the resultant AC collector current i, noted. The AC current gain is

given by:
iC
By, = 1) (3-3)

b

Tables 3.5 and 3.6 illustrate the measured AC current gain for both NPN and

PNP devices, respectively, as well as their dependence on I and T.

Collector current Briac)

(mA) -20°C 27°C 100°C
0.1 48.3 63.3 89.4
0.2 46.7 60.7 84.5
0.3 453 58.3 80.2
0.4 439 56.2 76.5
0.5 42.6 542 o0
06 414 52.3 70
0.7 40.3 50.6 67.2
0.8 39.2 49 64.6
0.9 38.1 47.5 62.2

1 371 46 60

Table 3.5 AC current-gain of the NPN devices used
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The current gain increases with T but is then less constant with variation in

I. Another interesting result is that the AC current gain only tends to be almost the
same as the DC one for low collector currents. It can be seen that for currents above

0.5mA the difference between the AC and DC values of B is significant.

Collector current BF(AC)
R 20°C 27°C ' 100°C
. iy Lo 68.8 94.2
0.2 511 64.8 88.9
03 48.4 615 84.3
04 46 58.4 80.3
05 438 557 766
06 418 531 73.2
07 39.9 50.8 70.1
08 382 487 67.3
0.9 366 46.7 64.6
1 351 448 62

Table 3.6 AC current gains of the PNP devices used

The results show a grater variation of the current-gain with the collector
current (compared to the NPN devices) and a noticeably lower current amplification,

especially for collector currents above 0.5mA.
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3.2.2.2 Frequency response

For high frequency circuit operation, high f, devices are required. To test the

frequency response of the devices used, the following technique was used. In the
circuit of Figure 3.7, a DC current of ImA is applied to the emitter of the device
under test. In parallel with the DC current source is an AC current source, with a
signal amplitude less than 10% of the magnitude of the DC current. The ratio,a, of
AC collector current to AC emitter current, over the frequency range, gives the
common-base frequency response. The f; of the transistor is almost equal to the
-3dB frequency [3-3]. Figure 3.8 shows the frequency response for the NPN device

used.

Q1
T ] (= 75
U) . (\ y :

Fig. 3.7 Circuit for the frequency response testing of NPN devices
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\ | ' (4.72026, -B.183})
| i i i A e
-3.0 \ v - .
(1.0p00,-183.88km) | E |
o
(dB)
-6.0
-9.0 ‘ :
1.0Hz 1082 100iz  1.0KHz  10KHz  100KHz  1.0MHz  10MHz  100MHz  1.0GHz 10GH:

o DB( IC(Q1) / IE(Q1))
Frequency

Fig. 3.8 Frequency response of the NPN transistors used (Ic =ImA ; Veg =5V)

For NPN devices,

f; ~4.7GHz

Following the same procedure, for Figure 3.9, the frequency response of the

PNP device is shown in Figure 3.10.

Q1

-~
Fig. 3.9 Circuit for frequency-response testing of PNP devices
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0
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-3.0
a
(dB) (1.6000,-269.7%8m)
(2.76976,-1.269%)

-6.0
=9.0 - -

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.06Hz  10GHz

o DB(IC(Q1) / IE(Q1)
Frequency

Fig. 3.10 Frequency response of the PNP transistor used (I =1mA ; Vg =5V)

Note that for PNP,
f, ~2.7GHz
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3.2.2.3 The collector-base capacitance C,

It will be seen later in this chapter, in the investigation of the input impedance
of the emitter follower, that the cut off frequency is lower than expected. It was
suspected that the collector-base capacitance of the transistor ¢, was mainly
responsible for that. In order to investigate this further, the following tests were
made. The circuit of Figure 3.11, which shows an NPN transistor collector-base
junction, was used to investigate the impedance, the graph of which is shown in
Figure 3.13 (green line). The impedance at f = 1MHz was 4.8589MQ. The value of

c, is calculated as follows,

1 1
c, = =
" 2nZlf 2n-4.8589-10°.1-10°

= 32.75fF

\
/
F X

\
8+
S

\

il
B

Fig. 3.11 Circuit used to measure the ¢, for NPN devise
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In order to check that the measurement of C, is correct, in parallel with the

base-collector junction another, identical one., was added. Theoretically this should

double the ¢, and half the impedance. In a similar manner, a third junction was

added in parallel with the other two, with the expectation of reducing the impedance

to one third of the first value.

The test has been carried out using the circuits of Figure 3.12.

Vee Ve

5

PN

(a)

(b)

Fig. 3.12 Circuits used to measure the effect of extrac u on the impedance

(a) Circuit with an extra added ¢ ws and (b) Circuit with two extra addedc“ S
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The responses obtained, together with the original one, are illustrated in

Figure 3.13. Note that here, and elsewhere, the dB reference level for |Z,| is 1.

200

— - ! ! |
(= \\ 1 | t1.9000m,133.731) 1

160

||

(dB)

i(1 .0000M, 127.710)

80 t
(1.do0om, {24.188) ; ~

. B e T —4 ER
i

£

1
40
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MH2 100MH2 1.0GHz 10GHz
o DB((V(210) / I(val00))) e DB(V(210) / I(Va800)) v DB(V(210) / I(va%00))
Frequency

Fig. 3.13 Normalised impedance bandwidth with ¢,, changes, for NPN device

¢, for the circuits of Figures (a) and (b) are 65.51fF and 98.26fF, respectively. Note

that |Z| is obtained from Figure 3.13.

The measurement of the collector-base capacitance could also be carried out
using a common-base configuration. In that case, the collector-substrate capacitance
would be in parallel with ¢,. For evaluation purposes, measuring ¢, using the
common-base stage, obtained identical results. Following the same procedure, the
collector-base capacitance of the PNP device used was calculated, using Figure 3.14.

The impedance at f = IMHz was 4.0638MQ. Consequently, ¢, is equal to 39.16fF.

3-19
Mr. Nikolaos Charalampidis Chapter 3



Novel approaches in voltage-follower design OXFORD

BROOKES

UNIVERSITY

7T

-Vee

Fig. 3.14 Circuit used to measure the Cy for PNP

To check that the measurement of ¢, is correct, same procedure was followed

as for the NPN transistor. The impedance at IMHz was measured, and the new

values of ¢, calculated using the graphs shown in Figure 3.15.

240

! i ‘ 3 i
{ | |
N . ' 1
i (1}.0000M,132.479) | {
‘H ! \ (1.0p00M, 126.15¢)
oC| || i e e o Syl oo™ N | el
120 ‘ | - - 5 : ]
i ! | / | /2\ o
s ‘ : . 7 - v-...( lz..oouuu l;?,.gi), R — ;v 3x Cl‘ ——
| i ‘ !

|

80 -
i i
R e R e e R
40 - : -
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHZ 10MHz 100MHz 1,0GHz 10GHz
o DB(V(210) / 1(Val00)) e DB(V(210) / I(VaB00)) » DB(V(210) / I(Va900))

Frequency

Fig. 3.15 Impedance bandwidth with ¢ changes, for PNP device

The ¢, is equal to 78.32fF and 117.49fF for two and three collector-base junctions in
parallel, respectively.
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3.3 A review of current biasing techniques, using current-mirrors

Throughout this research, two types of current-mirrors are used to provide
biasing for the conventional and the proposed designs. The analysis that follows
concentrates mainly on the low-frequency characteristics of the current-mirrors, as

they are not used, directly, in the signal paths.

The characteristics that will define which current-mirror is the most desirable
are, primarily, the output impedance, which should be as large as possible as well as
the current-mirror’s current transfer ratio, A. Apart from the analysis of the two
current mirrors, a detailed simulation of several other current mirrors has been carried

out. Tabulated results are presented in a comparison table at the end of this section.
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3.3.1 Common-base biasing [3-4]

The common-base stage is a well-established configuration that is described in
text-books. It is discussed here because of its high output impedance when used in
the cascode configuration, as it will be shown later. The common-base stage is
illustrated in Figure 3.16. It has been shown in [3-2], that when the operating current
is supplied from an ideal current sink (for the NPN model), the output resistance of

the stage is:

R, =(B+1)r, /1, (3.4

Vv Al
N and r, =1, —%

where r, =
R .\ I

Substituting the values from section 3.2 for ImA current in the collector of the

transistor at 27°C,

89.61V
ImA

/132.5MQ = 3.728MQ.

R, =(46+1)

Similarly, if the collector current is 0.7mA, supplied by an ideal current sink,

the output impedance at 27°C will be,

89.61V

/132.5MQ = 5.490MQ.
0.7mA

R, =(50.6 +1)
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-Vee

Fig. 3.16 Common-base stage with ideal current sink

Simulation results for |ZOI for three different operating temperatures and 1

of 1mA for Figure 3.16 is shown in Figure 3.17. The output impedance of 3.82MQ is

observed, at 27°C, which is close to the predicted value of 3.728MQQ, see Figure 3.17.

Similarly, for I. =0.7mA |Z°| is 5.996MQ which is comparable to the predicted

value of 5.490MQ, see Figure 3.18.

6.0M » ;
temp 100°C
—— ;
5 —
1.0000,5.5527M) i
1.0M temp 27°C
|z, s (1.0000,3. p262M ; \
@) o
temp -20°C

(1.0090,2,8923M)

\\
0
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHzZ 100MHz 1.0GHz 10GHz
o e v V(22) / IC(Q1)

Frequency
Fig. 3.17 Output impedance of circuit of Figure 3.16, for I =1mA
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o e v V(22) / I(Val)
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Fig. 3.18 Output impedance of circuit of Figure 3.16, for [ = 0.7mA
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3.3.2 Buffered current-mirror with cascoded output, biasing

[3-51, [3-6]

This is a simple current-mirror with buffered input and cascoded output, as

shown is Figure 3.19.

™ I(n+l)

)

Fig. 3.19 Buffered simple current-mirror with cascoded output

Analysing initially the buffered current mirror, (see Appendix A3.2), the

current ratio, A, defines as,

WL SR L) (3.5)
IIN 1+l VT

BZ

where 1, is the output current, Iy is the input current, V. is the thermal voltage and

Vs 1s the offset voltage, which relates to the matching of Q, and Q,.
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Consequently, cascoding the output with transistor Q;, is,
x=1—0= B 1 iVOS (3.6)
I (ﬁ"’l)l_,,l Vi
BZ

In practice, the term which dominates, making A slightly greater or smaller

than unity, depends on the matching of the two transistors, Q,and Q,. Simulating
the circuit, for [ =ImAand I. =0.7mA produced the current transfer ratios shown

in Figure 3.20. A, was almost the same for both operating currents, with that of

0.7mA closer to unity.

1.0000,/989.496m)

10.7mA current

N { ImA current

(1.9000,98%.489m)

0.96 ! |
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz
o (I(va2) / I(Val)) e (I(Va82) / I(Va8l))
Frequency

Fig. 3.20 Current transfer ratio, A, of the buffered NPN mirror with cascoded output

Since Vg =0 in PSICE simulation (identical devices assumed), the reason for A # |

is shown below,
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for I =1ImA,
A= e ey =0.981
B+1) 542+1
and for I, =0.7mA ,
B e 215 =0.982

A -
B+1) 57.3+1
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where [ is the DC current gain of the devises used, investigated in section 3.3.1.1.

Changing the operating current, results in a change in the DC current gain of

the transistors, as shown earlier in this Chapter. Consequently, the current transfer

ratio for I. =0.7mA is closer to unity, since B is greater than at I =ImA. In

addition, according to (3.6), A depends on the operating temperature, too, because of

the temperature dependence of . Figure 3.21 shows A, over the temperature range

-20°C to +100°C, with I =ImA.

1.02
1.01 Y t
L (1.0040,0,9971) i
= + S & Laile! i e = ot L . - s /
1.00 / j _/
i ! [ ol S| LSSt e ! i
\ ‘ {temp 100°C ‘
0.99 - ! . [ _-/
7 = P oz == T g S
(10000, 9B6. 489m temp 27°C |
0.98 ; +
‘ —
N v k = fe 2= {1 AlcmP -20°C S
0.97 3~
| (1.000p,976.468m) ;
0,96 !
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz
o e v (1(va2) / 1(val))
Frequency
Fig. 3.21 Current transfer ratio, A, of the buffered NPN mirror with cascoded output
over the temperature range
3-27
Mr. Nikolaos Charalampidis Chapter 3



Novel approaches in voltage-follower design OXFORD

BROOKES

UNIVERSITY
The output resistance of the buffered current-mirror is
\"
R, = Tee = o (3.7)
IC

and substituting with the values obtained in the previous paragraphs, for I, = ImA

and I, =0.7mA , at 27°C

Bl ~89.6KQ and R = it

ImA 0.7mA

R ~ 128KQ

o

The simulation (Figure 3.22) of the buffered current-mirror gave an output

resistance of 83.8K€2, for I, =ImA and 117.2KQ, I. =0.7mA, results within 10%

of hand-calculations.

110
(1.4000,101.379) | | {

0.7mA current

100

i e L e S e N T W, o S

| (1.00p0,98.463)

|Z'(,| \ [ i i | \
@) ! T o e 7’#” o B Th? [ = | A\.

i i ‘ ;
704+— : : : ; \

|

60
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHzZ 1.0MHz 10MHz 100MHz 1.0GHz
o DB(V(11) / I(Va2)) e DB(V(811) / 1(Va82))
Frequency

Fig. 3.22 Output impedance of the buffered NPN current mirror

Cascoding the output with transistor Q,, the output resistance increases at the

p

expense of a current transfer ratio which is reduced by a factor of B_ 4
+
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The new output resistance is,

R, =(1+B), /r, (3.8)
For I =1mA,

Vi 89.61

/I, =(1+46)——//32.5M ~3.73MQ
o ImA

R, =(1+B), /1, =(1+B)

I

and for [, =0.7mA ,

//32.5M =~ 5.49MQ

\% 89.61
R, =(1+B), /1, Z(Hﬁ)%://r” =(1+50'6)o.7mA

assuming that the collector-base resistance r, is 32.5SMQ for both I, =ImAand

I. =0.7mA .

The simulation of the cascoded output buffered current mirror gave an output
resistance of 3.44MQ, at I. =1mA and 54MQ at I. =0.7mA, indicating fair
agreement between theoretical analysis and practical results. The simulated output

impedance for I =ImAand for I =0.7mA is shown in Figure 3.23.

| _(1.4000,134,646
140 l/x//

‘ ‘ 0.7mA current

! ImA current \ ! |
120 - - ; ..il
Zl{ | I s S IR | ‘ | !
pad b I' - I

(1.0p00,130.736) | i | \\\
100 . I |
| [ i

el —. ol =T BT | I ] - B
1
80 . -

60 .
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz
e DB(V(866) / I(VaB2)) o DB(V(66) / I(Va2))

Frequency

Fig. 3.23 Output impedance of the buffered NPN mirror, with cascoded output,
for ImA and 0.7mA
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3.3.3 Precise, multiple-output current-mirror (‘6-pack’) biasing

The precise multiple-output current-mirror, which will be called the ‘6-pack’
onwards, is a current-mirror that combines high output resistance and excellent
current transfer ratio, as well as expandability [3-7], [3-8]. The ‘6-pack’ schematic,

including the DC currents used for the analysis of the circuit, is shown in Figure 3.24.

I =E[[%l—4'1](n +l(l+(i—)

Iin Iout=I
Y
L Ic; =1
Qs
Ic, = nl lf
s 1 lm,—l+n—]+L(n+l)
p ap
PO M H a3
= P
I _n Y |
B4 =g Ig; =—
nl . B =
I, =—Y as | ey
o
|
Igs=—(m+1)
a3} « BT I Q2
i S
Bl aB B2 — ﬁ

1

Fig. 3.24 The “6-pack’ precise current mirror
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It is shown in Appendix 3.3 that the current transfer ratio is,
I 1 (2 i 2) 4. %
e e | EEERRL PV} BRI (3.9)
I, n PP B \&

where B, is the common-emitter current gain of Q,, which is different from the other

transistors because it operates at lower ..

Equation (3.9) is obtained by making the simplifications B4 =B, p>>1, and
expressing n in terms of V. For Vg # 0 the third term again dominates, as in the

case of the buffered current mirror with cascoded output.

Simulation of the ‘6-pack’ mirror, using I =1mA and I. =0.7mA at 27°C,

gave the transfer ratios illustrated in Figure 3.25.

.0000

i (1.00 10, 0.9986) i | | | /
0.9996 0.7mA current A

T
ImA current

=3

o

.9994

(1.0000,0.9995)

.9992 .
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz
o I(Va2) / I(Val) e I(Va82) / I(Va8l)

=

Frequency

Fig. 3.25 Current transfer ratio, A, of the ‘6-pack’ for I =0.7mA and I =1mA
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Figure 3.26 shows the A as a function of T. The very small increase in A

with T is attributable to the increase in transistor’s current gain 3 with T.

1.010
(1.04o0,1,0001)
1.005 /1 ; I |
Temp 100°C
A (1.0000, 0.9995) i
Temp 27°C
(1.0000,0.9986)
/ i i
1,000 - : : -
Temp -20°C
‘
0.996 | L |
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHZz 1.0MHz 10MHz 100MHZ

e e v I(Va2) / I(val)
Frequency

Fig. 3.26 Current transfer ratio, A, of the ‘6-pack’ for variable T

As mentioned earlier, an advantage of the ‘6-pack’ mirror over conventional
designs is its expandability. Thus, the outputs of the circuit can be increased by

adding two transistors in parallel with transistors Q, and Q;, as shown in

Figure 3.27, without a significant change in A. It is then technically an ‘8-pack’.
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[nput Outputs

_—‘: s
| pe J Q3b

o e T

Qs

| e Va2

f M

Fig. 3.27 ‘8-pack’ current-mirror
In this case,
x:ﬁﬁzl—fiiX%- (3.10)
Iin BZ VT

The output resistance of the ‘6-pack’ mirror can be estimated as shown in

Appendix 3.3. Due to the fact that the emitter of transistor Q, is connected to a low

impedance point, the output resistance is close to that of the common-base stage.

Using an infinite impedance current source as the input to the mirror, the output

resistance, R, is approximated by,

R, ~Pr, (3.11)
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If the finite output resistance of the current source is taken into account, the

output resistance will be

R0=r0|:]+B(l— 1 H (3.12)
afgy

where y is the ratio between the output resistance of the current source and the

resistance seen looking into the base of transistor Q.. The term cannot always

aPgy
be neglected. Simulation of the ‘6-pack’ current mirror at 27°C for I =0.7mA and
I =1lmAfor an infinite output impedance current source drive, gave the output

graphs shown in Figure 3.28.

W42 ]
i i I i —
{ 0.7mA current

(1.0000]'5. 5625M)

4.0M

IZa|

(@) L LR ImA current

(1.0040,3.5399M)

AREEERERRRERANASH

1.0Hz 108z 100Hz 1. 0KHz 10KHz 100KHz 1. 0MHz 10MHz 100MHz 1.06Hz  10GHz
o V(866) / I(VaB2) e V(66) / I(Va2

2.0M

Frequency

Fig. 3.28 Output impedance of the ‘6-pack’ for I =0.7mA and I =I1mA

A comparison of the output impedance of the common-base stage, the

buffered current mirror, with cascoded output, and the precise ‘6-pack’ current mirror
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is facilitated by Figure 3.29. The current source used had infinite output resistance,

the operation current was ImA and the temperature 27°C.

4.0M o
» ‘ : o

| - Common-base

\\ ! i : \ |- ‘6-pack’ :
3.0M \ = Buf. mirror casc. out

(1.0000,3.4262M)

¢ (1.0000,3.5399M)

2.0M
\

2ol | (1i0000,p.44204)
@

1.0M

0
1.0Hz 10Kz 1008z 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz  10GHz
o V(966) / I(Va%92) v V(22) / IC(Q1) o V(B7) / IC(Q83)
Frequency

Fig. 3.29 Output impedance for common-base stage, ‘6-pack’
and buffered mirror with cascoded output

Apart from the current mirrors analysed above, several other well-established
current mirrors [3-5 to 3-8] have been simulated, for research, reference and
comparison purposes. The testing was carried out for both output impedance and
current transfer ratio, for ImA input current fed from an infinite output impedance
current source, at 27°C. It can be concluded that the buffered mirror with cascoded
output as well as the precise current mirror, presented the best results, in both output
resistance and current transfer ratio, which is the reason why they are used later
throughout the analysis and investigation of conventional and novel voltage-follower

designs. The results are shown in Table 3.7.
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Output current over
Configuration Input current ratio, A, putput USprssnce
with 1mA current (Q)
for ImA current

Simple current mirror 1.02 85.9K
Buffered current mirror 1.039 83.77K
Cascoded current mirror 0.929 2.073M
Buffered mirror with 0.992 3.442M

cascoded output

Wilson current mirror 0.991 1.835M
Modified Wilson current mirror 1.001 1.804M
Precision ‘6pack’ 0:999 3.539M

Table 3.7 A comparison of several well-established current mirrors

and those analysed in the test

Mr. Nikolaos Charalampidis
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3.4 Summary of Chapter 3

This chapter considered a detailed investigation of the transistor-models used
throughout this research. It has been identified that some of their parameters listed in
SPICE data, were either not appropriate for the operating conditions envisaged or did
not correspond to the Spice data at all. Also, other parameters that were not explicitly
listed in SPICE parameters obtained, necessary for accurate design based on hand-
calculations. Those parameters obtained for a range of different biasing currents and
operating temperatures, to allow easier analysis of the proposed designs in the

following chapters.

The second part of this chapter considered the analysis of the current-biasing
configurations using current mirrors that will be used in the following chapters, for
the biasing of the conventional and the proposed voltage-followers. The main criteria
for their evaluation were their current-transfer ratio from the input to the output as
well as their output impedance at low frequencies. A comparison chart at the end of
this chapter justified their performance superiority over several well-established

current mirrors.

3-37
Mr. Nikolaos Charalampidis Chapter 3



Novel approaches in voltage-follower design OXFORD

BROOKES

UNIVERSITY
References for Chapter 3

[3-1] Gray R.P., Hurst J.P., Lewis H.S., and Meyer G.R., ‘Analysis and Design of
Analog Integrated Circuits’, John Wiley and Sons, 4™ Edition, New York,

2001, pp.23-28.

[3-2] Terzopoulos N., ‘High output resistance current drive circuits for medical

applications’, Ph.D Thesis, Oxford Brookes University, 2006.

[3-3] Gray R.P., Hurst J.P., Lewis H.S., and Meyer G.R., ‘Analysis and Design of
Analog Integrated Circuits’, John Wiley and Sons, 3" Edition, New York,

1993, pp.498-500.

[3-4] Greeneich E.-W., ‘Analog Integrated Circuits’, Chapman & Hall, New York,

1997, pp.89-100.

[3-5] Gray R.P., Hurst J.P., Lewis H.S., and Meyer G.R., ‘Analysis and Design of
Analog Integrated Circuits’, John Wiley and Sons, 4™ Edition, New York,

2001, pp.260-304.

[3-6] Sedra A., Smith K., ‘Microelectronic Circuits’, Oxford University Press, 5™

Edition, New York, 2004, pp.649-655, pp.567-569.

[3-7] Tammam A.A., ‘Novel approaches in current-feedback operational amplifier

design’, Ph.D Thesis, Oxford Brookes University, 2005.

3-38
Mr. Nikolaos Charalampidis Chapter 3



Novel approaches in voltage-follower design OXFORD

BROOKES

. UNIVERSITY
[3-8] Vere Hunt, M.A., Charles K., ‘Design and development of a high slew-rate

operational amplifier’, Ph.D Thesis, Oxford Brookes University, 1992.

3-39
Mr. Nikolaos Charalampidis Chapter 3



Novel approaches in voltage-follower design OXFORD

BROOKES
APPENDIX 3

UNIVERSITY

AP3.1 Calculation of the Early-Voltage of the devices used
AP3.2 Analysis of the buffered current mirror with cascoded output

AP3.3 Analysis of the precision multiple-output current-mirror
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Appendix A3.1

Calculation of the Early-Voltage of the devices used

<

EmlUn

Fig. A3.2 Small-signal low-frequency equivalent model of the transistor Q,

Figure A3.1 shows the circuit used to calculate the Early-Voltage of the devices used

and Figure A3.2 shows the small signal low frequency equivalent circuit of the
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transistor Q,. By inspection,

o

. . u
1, =lll +8plUpy +—

rO
where
u, =i,r,
and
) u
i, =—>
I, +T,
and for r, >>r,
. u
i, =%
or
n
Substituting in (A3.1),
) u, u,
1, = (gmrn + l)— +—
S A

Since g, 1, =B,

and,

OXFORD

BROOKES

UNIVERSITY

(A3.1)

(A3.2)

(A3.3)

(A3.4)

(A3.5)

(A3.6)

(A3.7)

The collector-emitter small signal resistance, r, , is equal to Va . Thus, the
I

Early-Voltage for a specific operating current can be calculated, since all the rest of

the parameters, in (A3.7), are known.

Ic 1 (B+1)

Van R r

Mr. Nikolaos Charalampidis
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Appendix A3.2
Analysis of the buffered current-mirror
fo. = I(n+1)
pB+)
N
IC' s
Qi
Fig. A3.3 Analysis of the currents of the buffered current-mirror
By inspection, for ideally matched devices,
Low =Icz =1 (A3.9)
since,
vlle
Igy =Ige V"
I,
o ==2L1.
and Vi Cl e C2
v
Ic, =Ige " (A3.10)
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if Ii called n, then,

Is,
I =nlg,
Also,

I nl nl
=Tt =Ty
hence,

I nl 1
I =—+—=—(n+l)
BB P
and,
l(n+1)
Iy, = 2
B4 B+1

The input current is,

In =1lg+1gs =1+

Lo
E';TT? - (156+0)

The current transfer ratio, A, is given by

A= Iy I _ 1 1
I n+ (n +_L) Q} +D 1 2
BB +1) BB +1) B?
Since,
Ix
Vgg, =V log—
I,
and,

1
VBE2 =V; logI—R
$2
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(A3.11)

(A3.12)

(A3.13)

(A3.14)

(A3.15)

(A3.16)

(A3.17)
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Expressing the n in terms of offset voltage, V, ( the base-emitter voltage difference

for the same collector reference current I ), will be

VOS = VBE| - VBEZ (A3. 1 8)
or
I
Vos = Vp logIS—2 (A3.19)
S1
Rearranging the above equation,
o, &1
52 _ovr 21 (A3.20)
Ig, n

Forn=1, Vog =0 ,and fornclose to 1, Vog << V;

Since we can have either of the conditions Ig, > I, or Ig, > Ig;, Vg can

have a positive or negative sign

LI 1+ Vos (A3.21)
n V;
Hence, the final current transfer ratio is
p=to 1 + Yos (A3.22)
I'in 1+ }i, Vi
B
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Appendix A3.3

Analysis of the precision multiple-output current-mirror

Ias =B['++]](n+l(l+é)

Iin Ioul =I
A 4
g I3 =1
Qs
A 4
Ieq =nl} I ol I
= E+—+_E(n+])
a
PP, CLR Has
nl > M
1 = v Y I
i Igs =E
nl et
lge =—7 Qs T1es
o
ES -—(n+1)
a B L » IJQZ
1 nl 1
Ig, Py Iy, = P

Fig. A3.4 Analysis of the currents of the ‘6-pack’

By inspection, and using (A3-11).

Iey =nl,

By inspection, the currents in each branch of the circuit is,

Ioul = IC3 - I>

I B+l Io 1
SR
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I |
I =%=_,

nl
IB4 =E’

nl
fgg =—,
lCz =I[€3’

1
lg, =—,
B2 ap
Iy = 1gg,s
g —-—nl,and

ap

I nl I
I —+—=—(n+l1
ES of  ap ﬁ(n )
Hence,

Teo =lpg + 13 +1gs =%I+%+aiﬁ(n+l)=%(n+l+é-+—2)

and,

Il 1 1
IBG—B6+1_B(Bﬁ+1)(n+l{l+a)

Be # B due to the much lower collector current of transistor Q

3-47
Mr. Nikolaos Charalampidis

OXFORD

BROOKES

UNIVERSITY

(A3.23)

Chapter 3



Novel approaches in voltage-follower design OXFORD

BROOKES
UNIVERSITY
The input current is,
I =Ipy +1y =nl+——! (n+1{l+l) (A3.24)
in C4 Bé ﬁ(B6 + l) o ‘
and the A is given by,
2= Lo _ I _ 1 (A3.25)
I, I 1 1
in nl+—~A~(n+l(l+) (n+1{1+ )
B(Bﬁ +1) /) e N X
B(ﬁ(, +1)
since L = B+l ,
a B
- Il_l - 1 - ! : (A3.26)
" (n+1 1+B+]J (n+1{2+[3]
n+ n+-— ~
B(B(, + 1) B(ﬁo + 1)
For B>>1 and (B, +1)~B,
1 1 1
A= —out o ~ (A3.27)
nl 1+
PBs npB,
Forn=1,
o= tow g 4 (A3.28)
Iin BBﬁ

Assuming for simplicity that B, =8,
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If n#1, A, canexpressed in terms of Vi

Then,

The final expression of the current ratio is then,

7\.=—I—gt—zl——4—iy—C§

Iin Bz VT
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(A3.29)

(A3.30)

(A3.31)
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i

= —i

\\ f

To I |

/ |

// !

St Ug
Y

{J

Fig. A3.5 Small signal low-frequency equivalent circuit of 3.41 for infinite impedance current drive

Ignoring initially the r,, of all the transistors apart from Q;. which in the
schematic is named r,. All the betas apart from 3, are equal assuming that the
transistors work under the same collector current loads. The collector current of
transistor Q is much less than the other transistors so the beta of that transistor is not

the same as the rest.

At point X,

(io ~‘3ib)= aiy +2iy +oPi, +aPPBgipe

i, =iy(@+2+af+opBs +p) (A3.32)
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Since afif, is larger than the sum of the other terms in the bracket,
i, ~i,oBP, (A3.33)
and,
i
i~ (A3.34)
b apBs
The current in the r, is
u,-u
¥ —i, +B(i, —PBiy) (A3.35)
V]
substituting for i,,
U, —uy . i . 1
Yooi, By -2 | =i 148 1-—— (A3.36)
ro Q‘B6 aB6
1
But — <<«1
aps
u,—u
> - (B+1), (A3.37)
rO
and
u
Ro =‘i‘—°=(ﬁ+1)ro += (A338)
[y [}
and because u, >0 the output resistance is
Ro 2(B+1)r, ~Br, (A3.39)
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If the output resistance of the current source feeding the current mirror is not

infinite, which is usually the case, some current will pass from the collector of

transistor Q, to the current source instead of going to the base of Q. If the fraction

of Q,’s collector current appearing in the base of Q, is y then,

i
i, ~—0 (A3.40)
" BBy
and
U, —u .
Y i 1+a[1— : ) (A3.41)
I aBéY
neglecting u if compared with u,
LI 1+B(1— ‘ ] (A3.42)
I.o aB6Y
and R, is
R, =r, 1+s(1— 1 ] (A3.43)
afey

In this case, the term cannot necessarily be neglected.

aBey
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The conventional emitter—follower / a critical review

4.1 Introduction
4.2 DC conditions
4.3 Small-signal voltage-gain with zero source resistance
4.4 Small-signal voltage-gain with finite source resistance
4.5 Input Impedance
4.5.1 Theoretical background
4.5.2 Simulation results
4.6 Output Impedance
4.7 Emitter-follower distortion
4.7.1 Total harmonic distortion (THD)
4.7.2 Intermodulation distortion (IMD)
4.8 Noise performance
4.9 Pulse response

4.10 Summary of Chapter 4

References for Chapter 4
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4.1 Introduction

The emitter-follower (EF), is at the root of all voltage-follower designs.
Dating, as it does, from the earliest days of transistor circuit design and in view of its
subsequent ubiquitous use in semiconductor electronics, it might seem that its
performance required little discussion beyond a brief reference to textbooks and the
technical literature. However, such is not the case. Its treatment in most textbooks is,
from a circuit-designer viewpoint, superficial. Most attention seems to be focused on
low-frequency small-signal performance with a resistive load. This chapter presents a
critical review of emitter-follower operation, with particular reference to high-
frequency performance, distortion, and large signal behaviour.  Simulated

performance results are obtained for specific BJT types and operating conditions.

The analysis of the conventional emitter-follower will be carried out using
both ideal and practical current biasing. The precise current-mirror ‘6-pack’, analysed
in Chapter 3, will be used as a practical biasing scheme, due to its superiority over
similar designs. The same configuration will be used for the biasing of the novel
voltage-followers, in the forthcoming chapters. The circuit, using an ideal and a

practical current sink, is illustrated in Figures 4.1 and 4.2, respectively.

Mr. Nikolaos Charalampidis Chapter 4
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Q1

-Vee

Fig. 4.1 The conventional emitter-follower with ideal current biasing

1

Vee

Q3

Qs

Vee
Vs
= I: Qi
l Vo
$—
r] Rsink
a7

Fig. 4.2 The conventional emitter-follower with ‘6-pack’ current biasing
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4.2 DC conditions

Consider the circuit of Figure 4.3, in which the emitter-follower transistor, Q,

is biased with a constant current I, and drives a resistive load R .

i

D‘——Q, Q

Vi Vo

i (D Ru

Ne

Fig. 4.3 General biasing scheme for a conventional emitter-follower

Two expressions [4-1] can be written for the collector current I.:

V,
Io= Is[l +£Jexph “.1
Van Vi
and,
Io =alg =01[I0 + Vo ) 4.2)
Ry

The output voltage V, is given by,

Vo =V - Vg (4.3)
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Vy; can be found by equating (4.1) and (4.2)
Thus,
\Y
18[1 + Yo jexp(vBE ] = a(lo +—2 ] (4.4)
VAN VT Rl.
Substituting (V.. — Vg ) for Ve , transposing and using the resulting Vp; in (4.3)
ol I, +—vi
Rl
V, =V - V; log, ' (4.5)
I |:1 T (YCC —VS)]
s =l
VAN

Figure 4.4 shows a graphical interpretation of this condition for Vg =0, for

which V, =-Vgg g

]C A
(mA)

Ic= f(VBE);VS =0

Emitter-load
line slop

Vo = _vBE(O)

Fig. 4.4 Graphical construction of the operating point for Vg =0

This assumes the source supplying 1, does not saturate.
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As Vg changes from zero, the emitter load line slides parallel to itself to the

right, for Vg >0, or to the left, for Vg <0. The variation of V, with Vg can be

found from (4.5), when rewritten as,

-« — Vg
V, =Vg - VT[loge o+ log{lo +§Y°—J —log. Is — loge[l +(V—°€/———‘—)H (4.6)

L AN

Since a and I are not functions of Vy,

(dvojz v, 1 (dV0)+ 1 @
dVg RL[IO Yo ) dVs ) (Van + Ve = Vs)

L

o

\Y
Transposing and writing G for the slope (SV

J of the transfer characteristic in the
s

linear region,

':I_H,VT B ]
G= (VAN + Ve ‘Vs) (4.8)

[‘*(”v:}foa,, )}

Since V(= 25mV) <<V, I R, (or, V,if I, =0), G, though not strictly constant

is close to unity over a linear range.
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A sketch of the theoretical transfer characteristic, not to scale, is shown in

Figure 4.5, in which V, is the base-emitter threshold of conduction voltage for Q.

VOA

Vs

v

( Input offset voltage

|_I,sourcedoes /| ~ Vie(0)
not saturate
oS SR ~1,Ry +V,

I, source saturates
A

Fig. 4.5 Transfer characteristic for circuit of Figure 4.1
Figure 4.6 shows simulation plots for the circuit of Figure 4.1, for I, =ImA, and

R, = for three different temperatures (-20°C, 27°C and 100°C).

2.0V - —
Vo b ! (0.400,-8281007m) |
W) T, L !

ov

Temp 100 °C

\l

(B28.246m, 0,000)

Temp -20 °C
!

,;: Temp 27°C—

T . T
-6.0V -4.0v -2.0v ov 2.0V 4.0V 6.0v 8.0v
Vin (V)

Fig. 4.6 Simulated transfer characteristic for circuit of Figure 4.1 1Vee = Vi =5V;1, = ImAR| =
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These confirm the main conclusion of the foregoing analysis. G is sensibly

constant and near to unity (for I, and R independent of T) over the linear range

because V;, although temperature dependent, is always small compared with the

terms with which it is associated. Furthermore, the small shift in the characteristic

parallel to itself with change in temperature is due to the approx 2mV/°C decrease in

Vg » in (4.3), for each degree of temperature rise.

The input current is I,

RL

B s (4.9)
(B+1)
20uA T
: ' | J | | (0.400,15.87du) | ‘
i il P 1 Eid T v I T " i
i { 2,99B9,12.722§) ! } E
16uA ‘ . : Temp -20 °C —
i (0.400, 18.26%u)
I | \\ | % o [Om2 yd FEMES T
| [ S
! | i Temp 27 °C ;
L ' T70.p00,3.781) P T
Iy . , | |
@ [ e o = —— y — | '
i | | | | Temp 100°C | |
BE [ ] | R
4ul - t t t
- 17 —. + J — 4 — 4 q-*-iA-¥ —— —_— -
| i
0A - “ L -
75 0 I O 8 it
~4ua i 1
-6.0V ~5.0V -4.0vV -3.0v =Z.0v -1.0V ov 1.0V 2.0V 3.0v ov S.0v 6.0V
o o ¢ IB(Q1)
Vinl
Fig. 4.7 Input current of the circuit of Figure 4.1 for I, =1mA ; R| =
4-8
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For fixed I, , I still varies with T because of the temp-dependence of V, and B.

Thus, for Figure 4.7, by logarithmic differentiation,

_I_(d_ls_j N _l(d_ﬁ) (4.10)
I,\dT ) p\dT

The variation of I for 5V > Vg > -3V is due to the variation of B with Vg.

dig _d[ I, ] dB dVep @1
dVs  dg [ (B+1)]dVee Vs
dIBz_ L . _d B 1+XQ Ve (4.12)
dVg  (B+1)° dVeg| L Van )| dVs
But, Vg = Ve - Vg
dVes
=-1 .
av, (4.13)
dVey [ I, B 1 B
=|- 2 (=)= —2—. 4.14
dVs B+1)° Van ) B+1) Va @19
However,
IOBO
z . d
¢ (B+1) an
Van -
4-9
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Thus,
dl, LR W0 (4.15)
dVS (B & ])ro
or,
Rin N(B+l)l’0 (416)
This analysis ignores the existence of r, but the expression approximates the
incremental input resistance.
The power supplied by V. to the collector of Q, and hence the collector
power dissipation P, is given by,
V.
Pe = a[lo +— ]VCC (4.17)
R,
The power Pg supplied by the source Vj to the base of Q is,
ot[lu - l\{/“ )
P= el (4.18)

Table 4.1 shows the quiescent power dissipation measured for both circuits

Power dissipation (mW)

Operalmgotemperalure 20 Y 100
( C) ------------------------------------- . ———

Circuit of Fig. 4.1 9.93 9.94 9.96

Circuit of Fig. 4.2 19.7 20.2 21.1

Table 4.1 Power dissipation with ideal and real biasing
4-10
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4.3 Small-signal voltage-gain with zero source resistance

Figure 4.8 shows the full small-signal equivalent circuit a conventional

emitter-follower (EF) driven by an ideal sinusoidal voltage source and driving a

parallel R;C, load, where R is the parallel equivalent of rcﬁ[z %) the

C

incremental resistance of current bias circuit, and any external load.

=C
IL
1l
Ay
L
(i j=}
3
=C

Fig. 4.8 small-signal equivalent circuit of the conventional emitter-follower

It is shown in Appendix 4.1 that if r,c,,r, are neglected, for reasons

discussed later, then the frequency response of this EF configuration is given, in terms

of the complex frequency variable ‘s’ by,
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(gm + I ][l+sc"JRE
r
G(s) ~ L g'; e (4.19)
1+ gm+i RE 1+S_ut.cﬁ_
Iy 1+ngE
This has a zero,
0, =Etm (4.20)
C‘R
and a pole,
_ (1+8mRE) 4.21)
P RE(CL +C")
For the usual case g, R >>1,
o~ 8m (4.22)

P (CL+c1r)

For C; =0 and C <<¢,, ®, and o, are comparable but if C, >>c¢,, then o,

dominates the frequency response. From previous work (Chapter 3) on common-base

response at lmA, f; =4.72GHz, ¢, =32.7fF and c, =1.277pF. Substituting for
C, =5pF,

b ™ Em _ Ve = _35.8mV —7 =6.174rad/s
Co+c, Cp+c, 5-100°+41.27-10

I, lmA

w

Which corresponds to,

fy = 983MHz

4-12
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For [ =0.7mA ,

I, 0.7mA

Em Ve o 25.8mV = 4.609rad /s

W = = =
P C +¢c, C_+c, 5-1072+0.886-107"

which corresponds to,

f, = 734MHz

Similarly, for C; =10pF, o, is given by,

ImA

o, ~—Bm = - 258mV_____ —3.439rad/s
C +c, C_+c, 10-1077+1.27:10°

[e]
|

<

-

+

Which corresponds to,

fy =548MHz
and for I =0.7mA ,

fy = 397MHz

Figure 4.9 shows IGI in dB, over the frequency range for three loading

conditions : C, =0; C, =5pF; C, =10pF. The curves apply for both ideal current
bias of ImA and for ‘6-pack’ current biasing. The results show the practical bias
scheme did not result in a poorer frequency response. As predicted by the foregoing

analysis, f decreases with capacitive loading. The comparable figures, both

simulated and predicted, are as follows for the case of C, = 5pF and C, =10pF.

4-13
Mr. Nikolaos Charalampidis Chapter 4



Novel approaches in voltage-follower design OXFORD

BROOKES

UNIVERSITY
The bracketed figures refer to the predicted values

fy =1.051GHZ(983MHz) - f, =551MHz(548MHz)

Some difference between predicted and simulated results is to be expected

because r, and c, have been neglected to simplify the analysis. For ideal voltage
drive this is a plausible because the product r,c, implies a pole frequency greater

than that expected for the capacitive load conditions.

(10,0006, 11.8103)

™. noload
A |

\\SpF load ]|
-20 = N

G (551. 070, 43.0007) | /‘_\ .
@) | F A T [T T 0521k, -3.0081)

10pF load

-50
100KHz 300KHz 1.0MHz 3.0MHz 10MHz 30MHz 100MHz 300MHz 1.0GHz 3.0GHz 10GHz
o DB(V(4) / V(2)) o DB(V(B4) / V(2)) a DB(V(94) / V(2))
Frequency

Fig. 4.9 Frequency response for the magnitude of small signal gain G
of the conventional emitter-follower with different loads
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4.4 Small-signal voltage-gain with finite source resistance

The previous section dealt with the case of the EF with ideal voltage drive.
That is an idealisation not encountered in practise but it does produce the best results
for frequency response against which the results for other types of drive can be

compared. Thus it was claimed that for an ideal voltage drive the effect of ¢, could

be ignored. That claim will now be examine. on follow.

Consider the general circuit of Figure 4.10, which is the circuit of Figure 4.8

with the addition of a source resistance R

L5

Fig. 4.10 EF with finite source resistance drive and an R .C, load

For an arbitrary value of R it does not follow that ¢, can be ignored.

Because of the presence of three capacitors, an accurate expression for G(s)obscures

4-15
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physical insight. An approximate method to find the cut-off frequency, assuming that

a dominant pole exists, is the open-circuit time constant technique [4-2]. Thus,
suppose the effective resistancer,, seen looking between the terminals of ¢, , with ¢,
and C, removed. Then the effect of c, on the frequency response is governed by

r Similarly, with ¢, and ¢, removed the effective resistance appearing across

NOC

.
the terminal of C, is r;, and the effect of C; accounted for by the product R, ,C, .

The product r,,c, takes care of the effect of c,.

The dominant frequency pole in this circuit is given by,

1

Wp = 4.23
P Tt + R, Co +1,C, ( )
where,
r,oC, = [(Rg +r,)/(r, + (1 +g R )k, (4.24)
TroCr =[ //[M):l (4.25)
(] + gm E)
R,.C, {RE //(RS Tt J c, (4.26)
(+gm,)
For Ry =0, r,.c, ~r,c,, which can be ignored compared with either r,,c,
or R,C,.
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Taking the case (Rg +1,)=0 then,

C, + 1
(r..c +RL0CL)zM=— (4.27)

o~
m O

This agrees with the expression derived in the previous section.

For Rg in the KQ range the effect of r,c, might not be negligible.

However, results were obtained (Figure 4.11) for C; =5pF and C; =10pF with

Rg =0, Ry =25Q, Rg =100Q. These show a small decrease in bandwidth with

the small values of R¢ indicated.

FOR CL =5pF
Rs=0
10
= = = Rs=25Q
NN SR - SR R R e | Rs = 100Q
5pF load
t'. |
10pF lopd ™
-20 P R
G
(dB)
FOR C; =10pF [
40 [ Rs=0
= == = Rs=250Q
--------- Rs = 1002
]
-60
1.0MHz 10MHz 100MHz 1.0GHz 10GHz
4 DB(V(24)/V(200)) o DB(V(54)/V(200)) + DB(V(84)/V{200)) x DB(V(34)/V(200)) & DB(V(64)/Vv(200)) ¥ DB(V(94)/v(200)

Frequency

Fig. 4.11 The effect of the finite source resistance on frequency response of the EF
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4.5 Input impedance

4.5.1 Theoretical background

b b b
E 1 1
: AN\~ - i
1 1 1
1 1 1
1 1 1
1 1 1 Ug
1 1 I
1 1 1
1 I 1
1 1 1
1 1 — 1
1 1 C 1
1 I r i
1 | 1
— 1 —} ST
7. | 7z .| 7z .1
be be ) bey
1 | 1
1 1 1
1 I 1
1 ] ]
([

Fig. 4.12 Small-signal equivalent circuit, of the EF, for finding Z

Figure 4.12 shows a small-signal equivalent circuit of the EF with a capacitive
load. The treatment of this circuit in textbooks, seems to have been ignored. The

analysis presented here is thought to be original.

Under normal operating conditions it is shown in Appendix AP4.2 that,

[r, + R (1+, )(1 + jQJ
o

z

Zhe(io) ~ = "
Pl (riTaLN
o, ® )
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where,
Em
0, =—2m (4.29)
‘ (CE +cn)
1
Oy = = (4.30)
1
_ 4.31)
“ TCR,
Hence,

[r, +R, (148, ){1 + J(w_(iﬂ 432)

Frstio) = o’ (1 J
1= ——— ||+ jo| — +——
(l)p](Dp2 (Dpl pr

For o <<, /mplmpz << 0, it follows that,

[r, + R (1+B,)]
[1+jw(cnrn +CLRE)] (4.33)

22

Zp'e(jo)

The numerator is the input impedance as w — 0 is the incremental input

resistance called here R .

Thus,

R =[r, +Rp(1+p,)]~r,(1+g,RE) (4.34)
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The approximation holds for the normal condition 3, >>1. This is, of course, the

value obtained for input resistance by treating the EF from a feedback viewpoint :

g.,Rg is the loop-gain.

Re-arranging (4.33),

N R (4.35)

b"e( i(l)) R
]7I

1+jor,(1+g,R;) W(l+7g R,)
m*YE

or,

R
7. __ (4.36)
be h+jcoR c’)

where,

c,p+ [EiJCL
C = ) (4.37)

~ (1+g.R;)

The mid-band gain G(o) is given by,

_ gmR
Glo) (re.R.) (4.38)
Hence,
1
Consequently,
. Ry
C=le.+| 5L [1-G(o)] (4.40)
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Thus, z,. is given by Figure 4.13,

7*’: TLC[IG(O){C,‘-#(P;EJCL:' %R?[’n”‘ﬂ(‘*ﬁn)]

n

Fig. 4.13 Equivalent circuit for Zo

For the particular case C; =0,

C =c,[1-G(o)] (4.41)

This demonstrates that the reduction in ¢, as seen between the terminals b and e, is

due to the EF bootstrap effect.

Incorporating ¢, [4-3], a circuit representation of z . is given by Figure 4.14.

i o
z, Tcin =, +¢) R, =t, /R

Fig. 4.14 Equivalent circuit for z . including ¢,

R.
SR 4.42
Zye(jo) (1 +joC,R;,) s
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Allowing now for r, , z,. can be obtained,
R.
=T, +—t 4.43
Zbe(]m) rx (1 + jmcinRin) ( )
or,
r, + joC, R, r, +R;
Z _(D — X n m"x in (4.44
0 =T 1+ joC,Ry,) )
Thus,
(rx +Rin ]+JmcinRinrx
(Rin +rx) (4 45)
Zpofiny = .
belio) (1 + j‘DCinRin)

It is clear that the effect of r, can be ignored for the case of ideal voltage drive
because R; >>r, and the numerator zero is at o, ~1/C,r, (>>1/C,R;,).

Driving it from a non-ideal voltage source, with output resistance Rg, the impedance
seen by the source is not significantly different from z,.,) provided
(Rg+r1)<<(R;, +1,).ie., Rg <<R,,.

If RgC, >>r,c,,then,

[ 4

RgC,
rn

=t / (4.46)
(1 + ngE )
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As g Rg>>1and g, 1, =B,

C =9L
Bo

The equivalent circuit forzy,(;,) is shown in Figure 4.15.

b .
e
Zpe
Cm

o) Fremrm
€ Bo

Fig, 4.15 Equivalent circuit for Z,
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4.5.2 Simulation results

Extensive simulation tests were made to test the applicability of the equations
derived for the above practical EF. In the first set of tests C;, =0 and R, was made
infinity, SKQ and 1KQ for both the conditions I =0.7mA and I =1mA. The test
results for I. =1mA, only, are discussed here for the case of an NPN BJT. Further

results, for I = 0.7mA are given in Appendix AP4.3 together with similar results for

a PNP device.
(10.000K,1p1.891)
140 N
i (1.22p6M,128.891 |
1 £ { i
— . ’ . — A =0 SE TS| |y ,]‘ 0
| | { | | { . |
120 - i f
| i (10.0D0K, 107. 662 ‘\\\ (16.379M 104, 664
i | N | 1 | _ noload|
o 5KQ load
100 + t 1 I | ]
(Z:a| [ ] ! = 1KQ load
o MERE EEH LRSS s R Rl e Tl o s
i | | | |
4 i ' d
& } AN |
| (IO.jOOK,S .B78) (F1.623
E_SHijy | s ) | : ‘ N, -
50 ! ‘ I | | | | N
[ [ [ [ [ \
IS . |1 S 5. i e . s B W i -1 o O 4 :
| i {
|
40
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHZ 1.0MHz 10MHzZ 100MHZz 1.0GHz 10GHz
o DB(V(5) / I(Va2)) e DB(V(85) / I(Va82)) & DB( V(95) / I(Va%2))

Frequency

Fig. 4.16 Bode plot for |Z;, | for I =ImA and an NPN BIT (T=27°C)

The predicted value of R;, for R, =0, based on the use of the formula
R, =[r, +(B, +1)R]/r, . is within 5% of the value, 3.919MQ found by simulation,

as shown in Figure 4.16. There is a similar agreement for the case R, =5KQ and
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m(im)l above the associated cut-off

R, =1KQ. In all cases, the roll-off in |Z-
frequency corresponds to -20dB/decade, implying that Z,, can be represented by a

parallel resistor-capacitor combination up to about 1GHz. This is further confirmed

by the shape of the phase shift graph in Figure 4.17.

.J0000K} 131, 8)91)

‘ : [\ ‘ T~ ‘
I et (s o e 1 (1.22p6M,12B.801) ¥ ,"."..‘-"‘?s._-

B0

10

|Zml i

}0000, 46, 742u)
— — — * -~ et i = S e o |
(dB)
0 . ‘ : ! | ! ! \
[ | B | ., & |
| [ | ‘ 1.2206N, -4 .ooxn
i — G 4 — ! B
1 ( ‘
40 ! !
-80 ]
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz 10GHz
& ((Vp(210) - Ip(ValO0))) e DB((V(210) / I(Valo00)))

Frequency

Fig. 4.17 Magnitude (upper curve) and input phase (lower curve) of Z,

Spot values of |Z,,|, for future reference, for R, =0 and R; =5KQ as a

function of f and T are given in Tables 4.2 and 4.3, respectively.

Conditions Z| ()
enponeccy | @ | 7 | w0 | 0 | @ )] w0
f=312.5KHz 291IM 3.8M 5.3M 2.9M 3.7M 5M
f=31.25MHz 156K 153K 154K 141K 139K 140K
f= 250MHz 195K | 19.2K | 19.2K 175K | 174K 17.6K
Current source used Ideal current source/sink ‘6-pack’ current source/sink

Table 4.2 |Z;,| of the EF, with Ry = as a function of fand T, for [ . = ImA
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Conditions Zin| ()
Operating
temperawre )| 20 | M QM0 4 A ) %7 )10
f=312.5KHz 184K 241K 343K 175K 227K 318K
f=31.25MHz 106K 112K 118K 98K 104K 109K
f= 250MHz 16.1K 15.8K 15.7K 14.8K 14.6K 14.7K
Current source used Ideal current source/sink ‘6-pack’ current source/sink

Table 4.3 |Z;,| of the EF, with R; =5KQ, as a function of fand T for I =1mA

The increase of |Z;,| with temperature is due to the increase of B with T.

Consider, now, in more detail the frequency response for C; =0.

Theoretically,

c
C, =c, +—2*— (4.48)
. (1 +ngE)

Previous measurements (Chapter 3) gave ¢, =32.75fF. ¢, is bigger than ¢,

T

\% :
but g.R z%zBSOO, it follows that ¢, dominates C; . Consequently, the
T

cut-off frequency for |Zin| should be given, approximately, by,

1 1
T 2nR,e,  2m-3.919MQ-32.75(F

s =1.24MHz (4.49)

This is very close to the simulation figure of 1.2206MHz.
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, further

To prove further that ¢, was the primary cause in the fall-off in ]Zin
tests were carried out in which ¢, was artificially increased by adding extra collector-

base capacitance in parallel (see Figure 4.18).

Vo Vee
i - |
Yo
L iy i
|
| gf
k_/ = AVL %31

|
Ve CJL > l_

An EF with an extra Cyu added

An EF with two extra ¢, s added

Fig. 4.18 Emitter-followers with added collector-base capacitance

With one added ¢, f; should be half and with two extra ¢ s, f; should be

reduced to one third of the value for no added G
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160

(1.2206}, 26.891)

140

(10L 000M,{113.567)

120 : ! : | v
+ + v -
e N
it 4 | (10.400K, 131,89 =1 e ——ti i \\ e e i T S,
i | 8 | | {100.000M, 9. 631}
| k\ | .no added cp

i (408L 005K;128.8
100 - -
i I \ ; !
o 1) S S S W NS S NS NN S L2 . s o OO IO OO L T
T i T
} |

(dB) i - '
N 2 extra cus

80
60
|
10 i i i i i
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz 10GHz
o DB((V(210) / I(Val00))) e DB((V(210) / I(VaB00))) » DB((V(210) / I(va800)})

Frequency

Fig. 4.19 Showing the effect on bandwidth of added ¢ T with Ry =,C =0

The simulation results, displayed in Figure 4.19, validate these predictions. At
613KHz and 408KHz, fjs are within less than 1% of being exact sub-multiplies of

1.2206MHz.

In a second set of tests the effect of C; (>>c¢, ) on f;; was investigated for the

case of R, = and C, =5pF. It is clear from Figure 4.15 that f; should be

reduced by a factor m where,

m z[l+ Co ] (4.50)

Bocp
Thus, for C; = 5pF (=5000F), B, =46 and ¢, =32.75fF, m~ 4.4

Hence, the new value of f; should be 277KHz.
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In Figure 4.20, showing simulation results for the NPN BJT, for 1. =1ImA.

Curve (i) applies for C; =0, and curve (ii) applies for C;, =5pF.

160
3 ,7 1 7 1 ) I E ;92.5655:158;89 )7 o 3 [
(10,0D0K,13.891) i ( ,': (1.42206M 128.8591) |
140 +  — - I ! | 1 5
| ‘ = \ (i) no load
120 - r ot
(236} 659K/128.843) | | (i1) g’F load

o 0

IXII i i i
@By [+ (iii) 5pF foad - ] \
40 i & an extra cp

Ol et R CRTINL T

i
40

i

1.0Hz 10Hz 1008z 1.0KHz 10KHz 100KHz 1. 0MHz 10MHz 100MHz 1.0GHz  10GHz
o DB(((V(5) / I(va2)))) » DB(( V(95) / 1(Va92))) & DB(V(75) / I(Va72))
Frequency

Fig. 4.20 Showing the effect of added C; on bandwidth

fy . at approximately 293KHz is just over 5% more than the predicted value. Curve

(iii) shows the small effect of the addition an extra c¢,, with C; =5pF. Further

u ?
results, for I =0.7mA are shown in Appendix 4.4 together with similar results for

the PNP device.

It is worth noting that in a textbook by Wilmshurst [4-4] f for C; =0 is

given as equal to fy which is clearly not the case, because of the dominating effect of

¢, »ignored in Wilmshurst’s graphical display.
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4.6 Output Impedance

Figure 4.21 shows a small-signal equivalent circuit for the calculation of the

output impedance Z, of the emitter-follower: (r, is ignored because of its magnitude

compared with other resistors in the circuit).

~
g

4 NG
§ il

C, 11/

ih 2

T
N

Fig. 4.21 Circuit for calculation of Z_

For generality, a base source resistance Rg is included. The connections to
¢, are shown dotted because ¢, is ignored in an initial analysis. However, its effect

is considered later. The externally applied test voltage u, gives rise to an output

current i, =u,/Z,_ which comprises two parts i,,1i,.

By inspection,

i, =—2 4.51
h z,,+(RS+rx) ( )
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Also,
) g2
= =Sm™x 4.52
12 Z1t +(RS +rx) ( )
. .. l+g 2z
= = . Pmr 4.53
i, =(i, +i,) uol:zn+(RS+rx):l (4.53)
Thus,
7 _z +Rs+1,) (4.54)
° (t+gaz,)
But,
z, =— % (4.55)
1+ joc,r,
rﬂ
——F——+(Rg +T
|:1+jo>c,,r,, Ry X)} (r, +Rg +1, )+ joc,r,(Rg +1,)
7 | _ x : (4.56)
’ {4+ Bnly (1+g,r, )+ joc,r,
+___,_.v.—
1+ joc, 1,
or,
[1 ol )}(r,t tRy+r,)
7, - r, +Rg+r1, . 4.57)
J(L)C"r"
1+B, ) 1+ 555
( )( (1+8, )J
and,
{ chnﬂ&sj_rg}
Zoz(r"+RS+r") (rn+Rs+rx) 4.58)
(1+B0) ]+J ({)7
O
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A linearised Bode magnitude plot for this, shown in Figure 4.22, has a zero at ® = o,

andapoleat o =, .

|z(,‘dB (Rs +r,) —

Roll off due to Cy

Rg+r, +r1,

(1+6,)

»

o (log scale)

E Plomcamncnaccnans s mn e e -

o
[}

E—pf-mmnmn-

Fig. 4.22 Linearised Bode plot for |z,

o, = M (4.59)
Crln (Rs R, Iy )

(Dpl =07

At frequencies higher than o, , the effect of ¢, comes into play and there is
an additional pole at ® =®,,, where ®,, is dependent on the product ¢, (R +r,).

The details are not given here because this effect occurs at frequencies well above

those of interest (It is also questionable whether the simple hybrid-m model, used so
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far, is applicable at these frequencies). What is certain is that, because of ¢, z, &0

as W —> o

For frequencies below ©, , equation 7.60 in [4-5] can be re-cast, in the form,

z, =R, + joL (4.60)
where,
o=RS+rX+r" z_1_+RS+rx (4.61)
(1+8,) gn (1+B;)
and,
L =C7t_rn(RS;+fx_) (4.62)
(1+8,)
But,
Cafx Ca 1 (4.63)
(1+B0) gm @7
[= (Rg +1,) (4.64)
O
For Rg =0,
1 r
R, =—+—2—~=~314Q ,and (4.65)
gn  (1+B,)
L =2t —84nH (4.66)
O
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Teas 3T (1.000M, 32. 666) /
Ié;;')m | mep \ e (1..00qow, 31.249)
364— Temp 20 °C \ Temp 100 °C / (1.0p00M, 30.290
L \ N I/ /] 7
32 A" J‘_ ,/ /
P8
SEL>>
28 :
© o v DB(V(8210) / I(VaB100))
45.0d - T T T
Temp 27 °C :
Phase : ‘
@ i
22.5d ; ; 'l'empi"(‘
Temp I(;() b
0d " - - - T e
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz  10GHz
o ¢ v Vp(8210) - Ip(VaBl00) +360
Frequency
Fig. 4.23 Magnitude (upper curve) and phase (lower curve) of z,, as a function of fand T
Conditions Z,| ()
0 -
perat‘“%fg)npe’a““e 20 27 100 20 27 100
f=312.5KHz 32.6 36.5 42.9 33.3 36.5 41.5
f=31.25MHz 32.6 36.5 42.9 33:3 36.5 41.5
f= 250MHz 333 37:1 43.5 34 37.2 42.1
Current source used Ideal current source/sink ‘6-pack” current source/sink

Table 4.4 |Zo| of the EF, at I =ImA , as a function of fand T

The significance of L is appreciated if the emitter-follower drives another EF with a

capacitive load [4-6], as in Figure 4.24.
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ec
Vs
D-———KQ]
u, =
Vo Ro L ux
TD ANN— Y Y Y\ : =
e I l
L l ICL Gu, CmT Rin
i e e o
Vee
(a) (b)

Fig. 4.24 (a) An EF driving another with capacitive load C, , and,

(b) equivalent circuit to find v

Using earlier results,

Ca z[cp +—(BC:1)] (4.67)

and,

(4.68)

\"
Rin = (ﬁ+1) IAN
E

. R;, can be neglected : (that is why the connections to it are

For o >>
in"vin

shown dotted in Figure 4.24(b). The series circuit remaining has a resonant frequency

at ® = ®, where,
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LC,
The Quality Factor Q [4-7] is given by,
1 Ik,
Q= [
Ro cin
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(4.69)

(4.70)

There is no peak in the small signal frequency for u, ., and no overshoot in the

associated small signal step-response at the output of Q,, if Q<0.5.

Figure 4.25 shows the small signal step response, for the circuit of Figure 4.24(a),

with C; = 5pF, for which L (calculated) ~ 8.4nH

50mv T T
] |

e N

| /,/L=I0nll

40mVv + t
Input Pulse z;({Lz“nH | |
- - —-n( i ' ....... — g S— T
. \ \

X«I; [ Tt ;,7};_““ £, %'\ /\ N
i i i v ! Sl
| | 7 T ]
20V : . \/ - ] -
5 i %
— S— . — S— —t ,,,;,747 — e — e
| ! |
10mv l E l I t ;
I \ ! 7 a 1
A= 4 LA e LS PSS S
ov L
9ns 10ns llns 12ns 13ns ldns 15ns léns
o V(4) e V(B4) v V(94) & V(777)
Time
Fig. 4.25 Transient simulation result when a step input is applied
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4.7 Emitter-follower distortion

Any difference between the shape of the output signal and input signal in a
nominally linear system is considered to be distortion. This may be due to an
inadequate frequency response of the system, causing the Fourier frequency
components of the input signal waveform to be processed differently from one

another. This can be minimised by maximising the bandwidth.

It may also be due to the non-linear nature of the transfer characteristic of the
active device(s) in the signal path, in which case it is called non-linear distortion
[4-8]. Examining, for instance, a typical i —upy; characteristic of a transistor, as
shown in Figure 4.26, it can be seen that applying a sinusoidal signal in the input of
the transistor, will cause a sharpening on the top part and a flattening on the bottom

part, which results in generation of distortion.

iCE A

1Pl vy | A ' l >

v

UBE

Ly

Fig. 4.26 The nonlinear i —upg characteristic
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Harmonic distortion (HD) characterises the distortion that arises through the

generation of harmonics of the input signal frequency when a single sinusoidal signal
is applied to a non-linear device. Intermodulation distortion (IMD) characterises the
distortion that rises when two equal in amplitude sinusoidal of frequency o ,®, are
applied to a non-linear device, giving rise to output signal components of all
combinations of ®,,®, and their multiples. IMD is related to HD, as it will be seen

later.
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4.7.1 Total harmonic distortion (THD)

When a small signal low frequency voltage, V., is applied to the base-emitter

Jjunction of a BJT in which the current is I, then the output current is given by,

Voe

i=leVr “.71)
V) 1( Vi) 1(V. Y
=2 | 2 o =] o+ 4.72)
V) 2( vy 6\ Vy
If V. is a sinusoidal with peak value Vbe then,

. A N2 VN3
V, V,

i=T1 =t sino)t+l V—b" sin® cot-#—l —be | sindot+.... 4.73)
Vi 2{ V; 6{ V;

By definition [4-8] for weak inversion,

HD, =amplitude of the 2" harmonic / amplitude of fundamental

Hence,
V i
HD, =.1_ V;be ~ l _pk (4.74)
4 vy | 4l 1
Similarly,
HD; =amplitude of the 3™ harmonic / amplitude of fundamental
Hence,
(VY 1 (i Y
HD, = —|—te | ~ | P& (4.75)
24 v ) 24 1
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For standard feedback theory the distortion is reduced by a factor (1+T), T(=g,,R;;)

being the loop-gain factor associated with the EF [4-8]. So,

11 ipk
HD. ~— .~ Pk 4.76
2T 4( IJ (4.76)
and
11 (i)
HD. ~ — .| 2Pk 4.77
T 24[ 1) @77

The total harmonic distortion, THD is then given by,

THD = {HD,? + HD, +... (4.78)

Simulation measurements were made and the results are recorded below, in
Table 4.5. The calculations show the general agreement between the theory above

and the simulated results.

For I.=1mA, Vi, =1V, and R, =5KQ, substituting in (4.76) and (4.77)

respectively,

and
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Combining HD, and HD; by the following formula gives the THD

THD ~ /HD,” + HD,> ~ -71.77dB

The simulation results indicated THD of -72.5dB, in fair agreement with the hand

calculations, of -71.77dB.

Conditions THD (dB) at 312.5KHz
Operatmgotemperature 20 27 100
o O N i T e P e
Current source used Ideal |[‘6-pack’ | Ideal [‘6-pack’ | Ideal [‘6-pack’
Z; =5KQ -74.1 -73.4 -72.6 -72.5 -71 -70.6
Z, =5KQ//SpF -72.3 -64.3 -72.5 -64.5 -69.7 -64.2
Conditions THD (dB ) at 31.25MHz
Operatmgotemperature 20 27 100
5 e e DO Shrad T ) T R o
Current source used Ideal |‘6-pack’ | Ideal |‘6-pack’ | Ideal |*6-pack’
Z, =5KQ -73.3 -72.8 -71.9 -71.9 -70.5 -70.2
Z, =5KQ//5pF -54.5 -53.3 -53.4 -52.7 -51.8 -51.1
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Conditions THD ( dB ) at 250MHz
O ing
peratmg(,otér)nperature 20 27 100

Current source used Ideal |‘6-pack’ | Ideal [‘6-pack’ | Ideal Fé-pack’

Z, =5KQ 514 | -43 | -486 | -427 | 459 | -39.1

Z, =5KQ//5pF -37.7 -35.6 -36.8 -35.2 -35.2 -35.1

Table 4.5 THD results for the simple EF as a function of fand T

It is worth noting that at high frequencies, the THD reduces notably, due to the

transistor internal capacitances, as well as the output capacitance of the current sink.
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4.7.2 Intermodulation distortion (IMD)

The intermodulation distortion is another way of examining the nonlinear
distortion of a buffer stage. It has been shown [4-9], that under low-distortion
conditions, there is a one-to-one correspondence between the intermodulation
distortion and the harmonic distortion, such as,

IM, =2HD, (4.79)
and,

IM, = 3HD, (4.80)

Similar to the case of THD, a local feedback loop can decrease the distortion

of the design. For a loop-gain greater than 10, the intermodulation components can be

written as,
IMD, ~ % %[h;k—j (4.81)
and,
IMD, z%z—t‘(l%ka (4.82)

where i is the relative current swing as described in the previous paragraph and T is
the loop-gain which is equal to g,,R or g, r,, respectively, for a resistive load or a

transistor current sink as a load.
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For I =ImA, V,,, =1V, and R, =5KQ, substitution in (4.81) and (4.82)

respectively, gives,

:
IMD, ~—> ‘l[ﬂ]=i-l(°];2]=45.7d8

gnRe 4( 1) 194 4
and
2 2
IMD, ~—3 . L (I =L.L(Bj ~ 91.7dB
gmRg 24( 1 194 24

The simulation results, shown in Table 4.6, indicated IMD of -62.6dB, in fair
agreement with the hand calculations, only when ideal current sink used. The non-
ideal sink (‘6-pack’) deteriorates notably the performance of the configuration due to

the output capacitance, especially at higher frequencies.

Conditions IMD (dB)
WOperatmgotemperature 20 27 100
Lt S (S s ) i T A P e T 5
Current source used Ideal [‘6-pack’ | Ideal |6-pack’ | Ideal [“6-pack’
I=312.:5KHz -62.5 -52.3 -62.6 -52.1 -62.5 -51.4
f=31.25MHz -58.8 -54.1 -57.3 -54.6 -55.4 -55.5
f= 250MHz -54.4 -49.4 -52.6 -48.3 -50 -48.3

Table 4.7 IMD results for the simple EF as a function of fand T.
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4.8 Noise performance

A noise specification was not given for this thesis but for the sake of
completeness measurements were made to indicate the level of noise likely to occur in
the circuits investigated. This section considers the noise performance of the

emitter-follower but detailed comments are not made for subsequent circuits.

Internally and externally generated spurious signals define the minimum
amplitude signal that can be used in a circuit. The external noise, which is created
from supply ripple, cross-talk, etc, can be modelled by voltage or current sources, in
an equivalent circuit. The internal noise, which consists primarily of thermal, shot
and flicker noise can be represented as input referred voltage [4-10]. Since the
follower output is taken from the emitter, which is a low impedance point, the noise
due to the output load is attenuated compared with the rest of the noise sources [4-11],
and can be omitted. Thermal noise is caused by the mobility of the charge-carriers in
the transistor and is proportional to the operating temperature. The shot noise
depends on the operating current and is generated in the junctions of the transistor.
Flicker noise is caused by surface defects in the semiconductor which arise during the

construction process and mainly affect the transistor at low frequencies.
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When a transistor is voltage driven, the input noise is given by,

duZ, = 4kT(rb + i £ (4.83)

where dugq is a representation of all noise sources of the transistor

Substituting the values for ImA operating current, at 27°C, the equivalent

input noise is,

U laf =2.947.107"%V? /Hz

du?, =4kT]| (165)+
which corresponds to,
du,, =1.716-10° V/Hz

At -20°C the equivalent input noise is,
du,, =1.576-10°V/JHz

At 100°C the equivalent input noise is,

du,, =1.914-10°V/+Hz

Simulation of the conventional emitter-follower gave the input noise results,

shown in Figure 4.27, in good agreement with the calculations.
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Fig. 4.27 Input noise of the circuit of Figure 4.1
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Novel approaches in voltage-follower design

4.9 Pulse response

An approximate analysis of the transient response of an EF, often ignored in
textbooks, can be carried out using the charge-control approach pioneered by Beaufoy
and Sparkes in 1957 [4-12]. A starting point for the charge-control model of a BJT is

shown in Figure 4.28.

f
5 /qj\ (
\‘/

E
Fig. 4.28 Core of the charge-control model of a BJT

In this Sy is a store for the minority carrier charge qg in transit across the
base region. S requires a current (dq /dt) to change the collector current but there
is no potential drop across it: q /1y is the component of base current due to base
current recombination and the current injected from the base bulk into the emitter

region: (q /1) it the resulting collector current.

Thus,
by =(ﬂq—*’]+ﬁ (4.84)
dt =
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and,
i =8 (4.85)
T
Under DC conditions (dqp /dt)= 0 so,
e -le_p (4.86)
lg  T¢
In Laplace transform symbolism,
i 1
Bls)=-C = ——— (4.87)
B STe

o

The base-emitter drop is modelled by the diode D which is ‘ideal’ in that it has
no other properties than its I-V characteristic. For most practical purposes it can be
modelled by a battery since a doubling in collector current is produced by a Vg,
change of some 18mV which is negligible compared with the voltage change,
associated with large signal operation. In an equivalent circuit for changes in circuit

conditions batteries are replaced by short-circuits.

Hence, an appropriate circuit for calculating the transient response of circuit of
Figure 4.29(a) is shown in Figure 4.29(b) in which r, is the extrinsic base resistance

and ¢, is the collector-base capacitance.
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Vee
Up Upg Iy 1
Xaaas TN
Sp ) Bls)
uO \\// S
uO
= C, _J
IQ/ ) ICL it
—t
-Vee
(a) (b)
Fig. 4.29 (a) The basic EF with a capacitive load, and
(b) an equivalent circuit of Figure (a)
By inspection,
i=[(u, —uo)/rx]—scuu(, (4.88)

To simplify matters it is assumed that the collector current is always much greater

than the base current, i.

Then, the current charging C, is ﬁ(s)i s

Hence,

B(S) = SCLuo

Substituting for B(s) from (4.90) and i from (4.91) results in,

: JI:(U"_U")—SC“UO}:SCLUO

(G
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Rearranging this,
(U -u,) s[cu +(E‘~)J +8°C,1¢ (4.91)
T, B,
Let,
C
l:c“ +(B_:H =C, , say
Then,
uy =u°(1+karx +52CertC) (4.92)
or,
u, = i (4.93)

{1+sC,r, +s’C,r7.)

Now, if u, has a dominant pole (and associated dominant time constant) it is

given by ignoring the s’ term in the denominator of (4.93). The validity of this

assumption must be examined later. Hence,

v Uy (4.94)

To proceed further it is necessary to decide on the nature of u,. Suppose it

has the form of a truncated ramp voltage as shown in Figure 4.30(a). The component

parts of the leading edge are shown in Figure 4.30(b).
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Fig. 4.30 (a) Assumed input voltage signal, and

(b) components of the leading edge

Consider, first, the rising edge. For this,

et (4.95)
tl'
In the ‘s’ domain,
V
g =t (4.96)
SR

Substituting this into (4.93),

B A : (4.97)

Using a table of Laplace Transforms, this gives,

r

u, =¥£|:(Cer )e—ck'x +(t—Cer ):, (4.98)
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v

Fig. 4.31 (a) Showing u, ,u,,for t, >t>0,and
(b) Showing i for t, >t>0
For t, >t>>C,r,, u, has the form of a ramp delayed by a time interval
C,r, with respect to the input ramp. For (tr + td)> t>t., u, changes with a time

constant C,r, till it reaches a steady value V.

The collector current charging C, is given by,

ic(s)=5sC u, (4.99)
Hence, from (4.96)
g C.V 1 1
iglef=—tte— (4.100)
: s s(s+ )
kIx
for which,
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fort, >t>0,
t
ic(t)= C't'VB J1-e O (4.101)
For t>t,,
C.V o)
io(t)= t B .ult—t e O (4.102)

T

where u(t - tr) is the delayed Heaviside input step function [4-13]

Fort, >t>0, u(t-t,)=0

For t>t,, u(t—t, )=1

Integrating (4.101) w.r.t. t for the interval t =0 to t =t , bearing in mind that,
t, >>5C, r,, and adding the result to the integral of (4.102) for the time range t =t,
to t=o gives the charge Q, shown shaded in Figure 4.31(b). This is in the

assumption that i <<i at all times.

The simulated waveforms of Figure 4.32, were obtained to test the

applicability of the theory just presented. The base-line for uy was offset so that the
base-line for u, was zero: t, =t; =1Ins; ty =3ns; V, =0.5V. For the input edge
of uy the waveform for u, has the general shape predicted, the ramp delay being in
the order of 0.2nS. The waveforms for i, capacitor current and i, are all similar in

shape and appear to have exponential changes associated with them. An estimate of

the area under the curve for capacitor current (equal to the sum of areas under the
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curves for collector current and base current), found by the squares in Figure 4.32, is

InS x 2.5mA = 2.5pC

corresponding to the charge accumulated by the 5pF load capacitor when its voltage

changes by 0.5V.

1.5V
BE LT

,.i_ At AT__ Input pulse ! — _‘. =

I3 N/
1.0v4 : - ! : i
! ! | (14.000n, 487.571e) | | |
iy £t | \ ST 0 e o (| [ i) e
| | ? | |
i (11.0pon, 487. 3apm) | ] S, | i
] i 1pF load :
0.5V . : - : 3 T 5pF load ‘
(9.8000n) -8. 78 66m) j \ ‘ i |(16. 463n, 7. 99dzm)
! _ \ i i A
' \ (11.525n, }86.429m) ' //‘ il / |
ov t | 5SKQ load
" .
o X 1 1 (15; 001n »E.EFOSm) 1
T i ! i i
] | | H
0.5V L ! i ’
4.0mA
3 A
3.0mA 1 C ollcctor/ current For 5pF load __|
1 | /
2.0mA+ ) T \ 4
1 /] =
«OmA ! /
|
SEL>> T . —— I
oA
120uA T = = ’ l
i i | { |
e b 0 [ ol [ S (Y] (I 5 (s NG (RS N !
90uA+—r : 2 { : Base current - For‘ SpF load _|
- - A= | — e 2L (e SN CeSish) IRRSTT S S e
60uA- ) : / y/ . . '
| | 1 | " D s ! i ! !
s ’ l e =} ; s . ‘
uA- : - : - -
— — “L: — . —— —— — [ T T S e
oA 1 | T T ' ! |
o ! 1SS 205 [ R s e (S D A TR S N N D
~30ua 1 L
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Fig. 4.32 Waveforms for the circuit of Figure 4.29 for InS input edges

(@) ug:(b) U, ;(c) ic :(d) iy and (e) Capacitor current
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Since i reaches its peak value in about InS it means that 5C,r, =1nS, i.e,

C,r, =0.2nS, in agreement with the delay for u, in (b): the theoretical value for
Cy1,, using the values r, ~165Q, c, =30fF, C, =5pF and 3, =50, is 0.21nS.
The agreement is unexpectedly good because: ¢, varies with V4, during the rise
edge; B, is not the same at I. =3.5mA as at I. =1mA; r, has a different value,

from its DC value, under pulse conditions. Safe engineering calculations would

assume a maximum value of ¢, and a minimum value of B, .

At t=(t, +t,), the transistor cuts off if,

Ve o Lo (4.103)

This is the case for the 5pF load shown in Figure 4.32(a). As indicated in Figure

4.32(c), i falls to zero and I, discharges C, so that, for t > (t, +14),

I

o jt (4.104)

u, z\,B"(
L

The discharge time for C, is approximately 2.5ns, as expected from calculation.

For (t, +ty +t;)>t>(t, +t4), the base current reverses as the base charge
store (I,7¢) is discharged. However, when (u, ~u,) is equal to the base-emitter

threshold-of-conduction voltage the transistor commences conduction. This is not a

sudden process because the collector current is shared between the transistor and C, .
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That accounts for the non-linearity of the curves for iy and i before the transistor

reaches its initial d.c. state.

1 : I R R S
\1 ‘ ln[y& pulse
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| i T
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| i | | . : /(mm n, ~{7.6495m) i
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| | | i
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Fig. 4.33 Waveforms for the circuit of Figure 4.29
but, here, for 0.1nS input waveform edges

Figure 4.33, which should be compared with Figure 4.32, shows transient

responses for 0.1nS waveform edges. In this case t,,t; <5C,r, so there is no flat
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top to the waveforms for the capacitor current and i,.

Accurate prediction of rise and fall times and current maximum amplitudes is
not simple. (In practice, it is necessary to ensure from the simulation plots that the

transistor does not exceed itS icmay aNd Pe(p,y in the event of small values of
t.,t; and large values of C,). However, as an approximation, it might be
considered that up had ideal step edges in which case u, shows an exponential rise
for the leading edge of uy. It is significant that uy does, in fact, reach its maximum

value in about 1ns, corresponding to the value given by 5C,r, .

Before leaving the topic of large signal response, it follows that the Slew Rate,
which determines the maximum sinusoidal output voltage at a given frequency, is

limited by the product C,r, or the ratio 1, /C, , whichever give the greater value for

rise and fall times for u,.
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4.10 Summary of Chapter 4

In this chapter the author has analysed the conventional EF in terms of DC
performance as well as low-frequency and high-frequency small-signal performance.
The treatment undertaken was extensive, compared to the treatment given in
textbooks, therefore the analysis presented in this chapter is thought to be original.
The attention paid in the investigation of the conventional EF is essential for the
analysis of the proposed designs, presented in the following chapters, since it
comprises the root of each novel circuit. In addition, this chapter set the benchmark
for the analysis of the proposed circuits. The following chapters have been structured
in a similar manner to allow a clear insight into the performance of each proposed

design and their relative superiority over the conventional EF.

4-59
Mr. Nikolaos Charalampidis Chapter 4



Novel approaches in voltage-follower design OXFORD

BROOKES

UNIVERSITY
References for Chapter 4
[4-1] Gray R.P., Hurst J.P., Lewis H.S., Meyer G.R., ‘Analysis and Design of
Analog Integrated Circuits’, John Wiley and Sons, 4" Edition, New York,

2001, pp.23-28.

[4-2] Spencer R.R., Ghausi S.M., ‘Introduction to Electronic Circuit Design’,

Prentice Hall, USA, 2003, pp.564-570

[4-3] Gray R.P., Hurst J.P., Lewis H.S., Meyer G.R., ‘Analysis and Design of
Analog Integrated Circuits’, John Wiley and Sons, 4™ Edition, New York,

2001, pp.506.

[4-4] Wilmshurst H.T., ‘Analog circuit techniques with digital interfacing’, Elsevier

Science & Technology, New York, 2001, pp.86-91.

[4-5] Gray R.P., Hurst J.P., Lewis H.S., Meyer G.R., ‘Analysis and Design of
Analog Integrated Circuits’, John Wiley and Sons, 4" Edition, New York,

2001, pp.507.

[4-6] Spencer R.R., Ghausi S.M., ‘Introduction to Electronic Circuit Design’,

Prentice Hall, USA, 2003, pp.574-575

[4-7] Sedra A., Smith K., ‘Microelectronic Circuits’, Oxford University Press, 4%

Edition, New York, 1998, pp.909-910.

4-60
Mr. Nikolaos Charalampidis Chapter 4



Novel approaches in voltage-follower design OXFORD

BROOKES

) . UNIVERSITY
[4-8] Sansen W., *Distortion in Elementary Transistor Circuits’, IEEE Transactions

on Circuits and Systems, Vol.46, No.3, March 1999, pp.315-325.

[4-9] Wambacq P., Sansen M.C.W., ‘Distortion Analysis of Analog Integrated
Circuits’, Kluwer Academic Publishers, The Netherlands, 1998, pp.5-16,

pp.75-79.

[4-10] Laker R.K., Sansen M.C.W., ‘Design of Analog Integrated Circuits and

Systems’, McGraw-Hill, New York, 1994, pp.142-147.

[4-11] Gray R.P., Hurst J.P., Lewis H.S., Meyer G.R., ‘Analysis and Design of
Analog Integrated Circuits’, John Wiley and Sons, 4" Edition, New York,

2001, pp.784-785.

[4-12] Beaufoy R., Sparkes J.J., ‘The junction transistor as a charge-controlled

device’, Proceedings of IRE 45(12), Dec. 1957, pp.1740-1742.

[4-13] Stroud A K., Booth J.D., ‘Advanced Engineering Mathematics’, Palgrave

Macmillan, 4™ Edition, United Kingdom, 2003, pp.93-110.

4-61
Mr. Nikolaos Charalampidis Chapter 4



Novel approaches in voltage-follower design OXFORD

BROOKES
APPENDIX 4

UNIVERSITY

AP4.1 Calculation of the frequency response of the EF
AP4.2 Analysis of the input impedance
AP4.3 Inputimpedance simulation results

AP4.4 Investigation of the effect of Cy, on fy - Simulation results
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Appendix AP4.1

Calculation of the frequency response of the EF

Fig. A4.1 Small-signal equivalent circuit of the EF

By inspection of Figure A4.1

u'g=u, +u, (A4.1)
where,
0, 1
u, =(—+gmun]zE =u,,(—+gm)zE (A4.2)
Z7( Z?[
Thus,
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Un(‘l"'gmjla (1 +ngZE
Yo Zn Zn (A4.3)

G(s) = - (Ad4.4)

or,

r
G(s) = (A4.5)
(1+sCLRE)+(gm +—+sanRE
rﬂ
For low frequencies, s — 0
Bm + ! Rg Po 1 Ry
T T, ([3 +1)Ru
G(()): nl = L 1 = . +(()ﬁ +1)R (A4.6)
1+[gm +)RE 1+[’B° r JRE e £
r7l' r7f
or,
G(o)~ _BaRe (A4.7)
1+ ngl:
since g, r.=f, >>1
[gm +]J T4, Rg
r, 1
rﬂ
In general, G(s) = (A4.8)

[1+(gm +iJRE +sR.(C, +cn)}
T

n
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(gm +_L] ]+_._§:L_ RE
I, ( 1 ]
€nt—
rTI
G(s) = (A4.9)
R (C
{n(g“i}zﬁ}n R, (C, +e,)
r, 1
1+(gm +V]RE
rﬂ
since g, r =B, >>1
(gm + 1»}[1 + -S-c"']RE
G(s) ~ fn g'; e (A4.10)
+c
1+ gm+l R 1+M}
o l+ngE
This means a zero at,
m=mz=§£ (A4.11)
cﬂ
and a pole at,
oo < 1r8uRE) (A4.12)
P Rg(Cy +c,)
But,
gnRg >>1
hence,
~_Bm_ (A4.13)
PCL +c,
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Analysis of the input impedance
In the circuit of Figure 4.10, in the text,
ug =u, +u, (A4.14)
where,
u, 1
U, =|—T+g,u, |Zg =u,| —+8, 1Z¢ (A4.15)
z, zZ,
and,
ug = u"(1+z—E+gsz] (A4.16)
2. (s)= lLB = [1 +z—E+gsz)z,t =2, +2Zg + 8mZpZy (A4.17)
z,
Substituting for z;;, and z,
T RE ngE Iy
Z.(s)=—m 4 + (A4.18
e ) (t+sc,r,) (+sCgR;) (1+sCyR;)(i+sc,r,) )
or,
2 (5) = r,(1+sCgRy )+ R (1+sc.r )+g Rgr,
bet™ ™ (1+sc,r, X1+sCLRy)
z (S)_rn+RE(1+gmrn)+s(CERErn+REc1rr1:)
be (1+sc,r, X1+sC R, )
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and,
|:1+ SRErn(fE +°n))}
_ ] r, +Rell+g,1, A4.19
28 =l + R+ gt ) (1+sc,r, N1+sCLR;) ( )
As g r. =B, >>1, where B, is the Lf. ac current gain of the transistor,
(B, +DR>>,
Hence,
Rt (Cg +¢,) ~ st (C +¢,) (A4.20)
r7:+RE(1+gmr1t) (1+B0)
and,
Ir, +RE(1+B(,){1+Sl"-(cE +5L)]
(1+8,)
z. (s)=~ (A4.21)
be (1+sc,r, Y1+sC:R;)
In the frequency domain,
[rn +Rg (1 +Bo ){1 + i(i)rn (C_i:_t_(:lt)jl
2. (jo)~ (1+5,) (A4.22)
be (1+ joc, 1, X1+ joCyxR )
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[r, + R (1 +[30)(1 + J‘”] z(o)[l +J—°~’-]
o o,
z, (jw) ~ 2= (A4.23)
TR ORI R W [ij]
@) ®p) o, 0,
where,
o, = +Bo) __ gn (A4.24)
(CE+c1t)rn (CE+cn)
g =——~ Bm 5 Ot (A4.25)
Cnrﬂ Ocn ﬁo
and,
0y = 1 (A4.26)
CERE
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Appendix AP4.3

Input impedance simulation results

It will be seen in the coming chapters that the operating current of the
proposed circuits is either ImA or 0.7mA. Both the NPN and PNP versions of EF are
simulated at these operating currents as the results are vital in the analysis of the new

circuits in the following chapters.

Figure A4.2 shows the input impedance of the EF using an NPN BJT, with

Ic =0.7mA. The output was initially unloaded and later made to drive SKQ and

1K€ resistive loads, respectively.

160
(215 .J444,185.756 i (79j.328K, 132. §97)
140 e | | Pt
.
S S S B SRS [ ~ T 1l g |
(215.444,)08_660) i {
120 i t
|Z.| \ i \ | (14| 678M,105.615)
i | bl i , i no load
[ . — = e e e Py i L
' / SKQ load
100

QT o 7’* Tt -/" i IKQ Iua(!
80 : ; | | i N\\
el / i i /
‘_‘“:”"_{{%“? ol ¥ il 1 | 77 te o i |
i X | i
60 | | § 3 \‘\

-
=
s
X
o
=
1
S

} | |

40

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MH2 100MHz 1.0GHz 10GHz
o DB((V(5) / I(va2)))  DB((V(BS) / I(VaB2))) v DB((V(95) / I(Va92)))

Frequency

Fig. A4.2 Bode plot for |Z;,|for I =0.7mA and an NPN BJT (T=27°C)
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Identical tests were made for the PNP version of the EF ( Figure A4.3 ). The

input impedance for I =ImA and [ =0.7mA , is shown in Figures A4.4 and A4.5

respectively.  Initially C, =0 and R, is infinite and then R, =5KQ and

R, =1KQ.
Vee
Vo
Vs | I
-Vee
Fig. A4.3 PNP Version of the EF
140 T
i ] ] | ! | |
| f !
—— : — e e e e e e = S I i ne— 2=
{ {1.0900K,1159.834) i (4.1081M,116.8631) |
1 | i ]
120 ; ! /] !
- : !
| | ‘ | ! ‘ | ‘
1.0400K, 106, 667) | | (14.607M,103.665 |
SR ) R e : 2 e s e (R N, R (B 08 122 ol Al
4 { { i L
i 1 — f | i
1 ! | (1.p000K;93.62}) I £ \ 33.742M,904627) |
100 . - i ‘ no load]
.| . ; i o=
| } T | | 5
= —— L 1S DO [ IR [P e, e 5K load
% | i -
- i i ; T i ‘ 1KQ load
— o R S i ———t e ——= = i —+——
‘ 3 i |
60 | | -
|
| | |
———— —— — — — — s U——— —_— — — 9 - . —— -
T [
| |
40 i | L | ]
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MH2z 100MHz 1.0GHz 10GHz
@ DB((V(5) / I(Va2))) e DB((V(B5) / I(vaB2))) v DB(V(95) / I(va92))
Frequency

Fig. A4.4 Bode plot for |Z;,|for I =ImA and a PNP BIT (T=27°C)
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140
(2.4784M,121,206)

(1.0400K, 124,204 | G o7 Sl

120 v
2.3
(1.0400K, 108.062) \ ot sy
30.924M, 91 Jo14
924M, 91 J9
£ (1.0pOOK, 94.915 L )
100
no load

lzal [ | il 3] S . < e
(dB) 5KQ load|
80 1KQ load
60

. OHz 10Kz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1,0GHz 10GHz

o DB(V(5) / I(Va2)) e DB(V{(85) / 1I(vaB2)) v DB(V(95) / I(Va92))
Frequency

Fig. A4.5 Bode plot for |Z;, | for I¢ =0.7mA and a PNP BJT (T=27°C)

Spot values of |Z,,|. for the PNP version of EF, for R; = and R; =5KQ

as a function of f and T are given in Table A4.1.

Conditions 1Z,| (@
wapeainsticy | B L N iw Lo | o | m
f=312.5KHz 758K 978K 1.38M 171K 215K 291K
f=31.25MHz 126K 127K 128K 88.1K 91.6K 95.3K
f= 250MHz 16.3K 16K 16K 12.8K 12.6K 12.6K
Current source used Unloaded output 5KQ load

Table Ad.1 |Z;,| of the EF with R; =coand R =5KQ as a function of fand T
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Appendix AP4.4

Investigation of the effect of C; on fy - Simulation results

In this section, the simulation results for the bandwidth of the EF, when using
a capacitive load, are presented mainly for reference reasons. It has been shown in
section 4.5 that when the EF drives a capacitive load, that load will determine the
bandwidth of the circuit. Furthermore, simulation results presented only for

Ic =1ImA and for an NPN EF. Figure A4.6 shows the f, for the NPN BJT, for

Ic =0.7mA and for C;, =0, C, =5pF and C, = 5pF with an extra Lign

i i 10.000%, 133.755); (01, 492K, 13p. 757 (795. 476K, 132.[152)
40 : i N\ Z / ooy
% '
oy i ] (160)823K,132.796) h
| | ‘ \ . no load
noe | 5pF load
(2| | |
@@ F——t—1— ; | N\ R 4 ‘
80 ; ; : ! | ! : ‘ |
I ! i i SpF load i \ !
j % o e (| | &anextracp .| \
% ' | ' j | \ N
40 i i ! \.g

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz 10GHz

e DB(V(S) / I(vVa2)) v DB(V(95) / I(va%92)) & DB(V(75) / I(va72))
Frequency

Fig. A4.6 Showing the effect of added C| on bandwidth for an NPN EF with [. =0.7mA

Similarly, the PNP version of EF was simulated, using I. =1mA and
Ic =0.7mA for the same load conditions as before. Figures A4.7 and A4.8 show the

effect on the bandwidth, when driving capacitive loads.

4-72
Mr. Nikolaos Charalampidis Chapter 4



BROOKES

UNIVERSITY

Novel approaches in voltage-follower design
140 - -
(10.G00K,1340.071 (1.1242M,117;069) i3.955 M,U?:.O‘ll}
\ i) i - i
120 . 1 </
. / ......... . no load
A §
881. 683K, 11{7.062 f H
100 ) | SpEload __ |
|ZB|° SpF Ioad/ i 1 \
@B) [ & exétra = \
40
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHZ 1.0MHz 10MHZ 100MHz 1.0GHz 10GHz
o DB(V(S) / I(Va2)) v DB(V(85) / I(VaB2)) a DB(V(95) / I(Va92))
Frequency
Fig. A4.7 Showing the effect on the PNP EF of added C| on bandwidth when I. =1mA
140 - T
10.0 OK,\12 +208) 5;755.9 45,121,209) (z.uazzn,fxznzozl
i 7
/
120 i = E
v f
_____ no load
i -
(578. 549K, 121.205 SpF load '
100 }
L | —PREIT
- | N
80 5pF load \
|(i.;)l &anextracy | Ak 1
40 t :
i 1 ! 1
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz 10GHz
o DB(V(5) / I(Va2)) v DB(V(85) / I(va82)) a DB(V(95) / I(Va92))
Frequency
Fig. A4.8 Showing the effect on the PNP EF of added C| on bandwidth when [. = 0.7mA
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5.1 Introduction

Following on from the detailed discussion of the emitter-follower in the
previous chapter this chapter describes the evolution and performance of a so-called
‘Super-follower’ in which emitter followers are extensively used. This Super-
follower is, in fact, a class AB high frequency VF based on the original ‘LH0002’
type buffers developed in the 1970s by National Semiconductors [5-1], [§-2]. This
circuit has been previously used in the design of IC voltage op-amp output stages,
current conveyers and current feedback operational amplifiers. More recently it has
been referred to as the ‘Diamond’ circuit [S-3], a convenient shorthand description

that will be used from now on when referring to it.
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5.2 The ‘Diamond’ circuit / DC conditions

The starting point of the proposed design is the circuit shown in Figure 5.1.
This is a class AB high frequency VF which has, in the past, been used in the design
of current-feedback [5-3] operational amplifiers as well as in the first IC current
conveyer [5-4]. However some features of its operational characteristics (e.g., input
impedance) do not appear to have been dealt with in detail in the literature. Since it is
the core of the proposed design, the ‘Diamond’ circuit is considered, critically, first.

The simulation results refer to ‘6-pack” biasing (Figure 5.2), except where indicated.

Vec

|
Q)Iu 1 o

N
0
@

05
&
ke
R
05

Is N Q1

Fig.5.1 The ‘Diamond’ circuit
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e
(8 » . 5 A 5
%R N a1 "
L .
R )
o Fa
—y .
i ]
- 5

-Vee
Fig.5.2 The ‘Diamond’ circuit with ‘6-pack’ biasing
By inspection of Figure 5.1,
Vs + Vg — Viges = Vs — Vs + Vigs = Vo (5.1
Vi + Viga = Vpes + Vipg (5.2)
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Hence,
ey S Ies Loy
A\ logl— +V; logl— =V, log : +V; log :

S1 S2 S3 S4

lales = lesles

ISIISZ 153154

OXFORD

BROOKE!

UNIVERSITY

(5.3)

For well matched BITs, Ig, =1, and Iy, = Ig; so for that case, I31cq =1¢lc, -

To obtain the main properties of the output stage base currents can be ignored, in

which case, I, =1, I; =1y, etc.

So,

(5.4)

Fig.5.3 Illustrating DC conditions for Figure 5.1 : = 45°
(@1, =0and (b) I, #0
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The rectangular hyperbola in Figure 5.3(a) represents equation (5.4). The

condition I, =0, for which I, =1, =I, is shown. Figure 5.3(b) shows DC
conditions for I, #0 and the arbitrarily chosen condition I.; >1.,. It is apparent
from this graph that if I, is large compared with I, then I; =1, =1, and I, =0.

However, neither I-; nor I, ever falls completely to zero. Now because

2
IC3Ic4 = Io s

Differentiating with respect to I;,

A1 dle (5.6)
IC3 IC4 dIC3
Hence,
dig; _ _Igs 5.7)
dl¢, Iy
For I, =1, =1,
de _ (5.8)
dlc,

Hence if 1; <<I,,. the changes in I;,I, due to a finite I, are equal and opposite.

Thus,
I; =1, +(I—L) 5.9
2
I
Iy =1, —(B‘L—) (5.10)

This feature of output behaviour is used in the calculations of small signal input and
output impedance.
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The linear input voltage range depends on the compliances of the current

source and sink. Over that range the input current, I, is principally determined by

Q, and Q,, if I, <<Ig, and is given by

i 1
Iy ~Ig| —— 5.11
° ‘{(ﬁm) Iapni} GAD
or, for the usual case Bn.B, >>1

1 1
I,~1.| ——=—— (5.12)
’ O[Bn BJ

If I, >> 1, then from the discussion above,

1
ey =1, Iy =0, Iy z("p,ilo ‘ﬁ_L:ls Iy o,lp.

n

Consequently,
a l a 1
I, =~ “0——”(1 --—"—J (5.13)
"7 B, B\ ° B
1 1 I
ol ——— [+ (5.149)
O[ﬁ" BP] ﬁnz

The offset voltage, Vg, arises from I and I mismatches and is given by,

Vos = Vesi = Vaes  (OF, Vi — Vi)

=V, ]ogiﬂ -V log!ﬂ

St IS3
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or,

Vos = Vr log(lﬂJ[ki] (5.15)

C3 ISI

The circuit design ensures that the condition 1, =1; is closely satisfied but
Is; # Ig; because of the different polarities of Q, and Q,. It is this difference that
contributes most to Vog. If Ig; and Ig differ by, say, as little as 20% then

Vos ®5mV.

The simulated transfer characteristic (Figure 5.4) of the ‘Diamond’ circuit

appears to have a slope of unity. This is to be expected because, for the case

considered, I, =I,(=0.7mA)and R, =0,

Vo = Vg + V; log(%l] (5.16)
St
Hence,
dVo _ . (5.17)
dv

s

This is not quite true because of the small effect of finite Early voltages. This
characteristic does not show the extent of the linear input range (considered below).
Because of the scales employed the finite V,q does not show up in Figure 5.4.
However it is evident in Figure 5.5 which illustrates behaviour in the vicinity of the

origin,
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Ideal
biasing

6.0V |

5.0V ‘6-pack
biasing

3.0v /

2.0v / /
1.0v /

Vo P /

) ov
-1.0v

7 7
(-3.523§,-3.5097 (3.4548,3.4558 (4.9863, 4.960p

(-449863,-4.9673)
-2.0v /

_3 o OV // /
-4.0v

-5.0v4

-6.0v
-6.0v -5.0v -4.0v -3.0v -2.0v -1.0v ov 1.0v 2.0v 3.0V 4.0v 5.0v 6.0V

o V(6) v (86) %
m

Fig. 5.4 Simulated transfer characteristic for the ‘Diamond” circuit
Voo =5Vl =0.7mA;R | =;T=27°C

30nmv

20mv:

H i (0.000,; 1,505m) i /
10mv. !
| -
3 | (0.00d, -14. 436m) Temp :20°C //
2 i \ 3 i
) Omv: \ /
! ! 0,000, -19.57 | 7 < %Af{_f'm
{ (0,000,-19,572m) | Temp 27°C
-10my j i \ // ‘ np £F
H \: 7 \ i
— : i I . W o, Temp 100°C ___

=30mv -20mv -10mv OmV 10mv 20mV 30mv
o e v V(6)

Fig. 5.5 Expanded view of Figure 5.4 in vicinity of Vi =0V

Apparently, Vs ~14.4mV at T=27°C.
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The plots for T=-20°C and T=100°C are parallel to that for T=27°C because of the

effective constancy of (dV,, /dT).

The linear input voltage range is set by the Vig, (Vig, ) of Q,(Q, ), and the
minimum allowable voltage Vi , say, across the current bias circuits.
Thus,

(+ Vee = Vi = Vi )Vs 2 (= Ve + Vg, + Vi) (5.18)

From Figure 5.6, +3V > Vg > -3V . The increase in I;; with Vg in Figure 5.6 is

attributed to the temperature-variation of 8, >Bp-

20uA - . - . : . -
| | | Temp 203C | |
| 5 |
i 1
i / | g
- Temp 27°C /
_‘—-4 jum—
5 i i - Temp 100 °C
Iy / | | | |
@ //
-10uA i f
i e
//{v
=20uA

=7.0v. -6.0v  -5.0V -4.0v -3.0v -2.0Vv -1.0V ov 1.0V 2,0V 3.0V 4.0V 5.0V 6.0V 7.0V
o e v I(Va30)
Vs

Fig. 5.6 D.C. input characteristic for the circuit of Figure 5.2
Vee =5V;1p =0.7mA;R; =
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The quiescent power dissipation of the circuit is,

Py = (Vee + Vg ) Iom (5.19)

where n is the number of vertical conduction paths between the two rail supplies.

Biasing the circuit with ideal sources, at 27°C , P, = (5V+5V)-0.7mA-3=21mW .

Using the ‘6-pack” for biasing, at 27°C , P, = (5V +5V)-0.7mA -4 = 28mW .

Simulation of the circuit with both ideal and ‘6-pack’ biasing produced the

figures shown in Table 5.1. These show good agreement with the calculated values.

Quiescent power dissipation Po (mW)

Operating temperature (°C) -20 27 100
Circuit with ideal biasing 20.3 20.4 20.5
Circuit with ‘6-pack’ biasing 251 28 31.6

Table 5.1 Power dissipation with ideal and ‘6-pack’ biasing
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5.3 Small-signal voltage-gain

An analysis of the small-signal low-frequency voltage-gain, G, of the
‘Diamond’ circuit has not, as far as the author is aware, been presented in the
literature. The approach presented here is based on a general property of linear

voltage amplifier circuits.

A general schematic of such an amplifier is shown in Figure 5.7.

Fig. 5.7 A linear voltage amplifier

where,
G = open circuit voltage-gain,
r,= incremental output resistance, and
i, =incremental output current

By inspection,

Vo =GV —iplo (5.20)

If the output is incrementally short-circuited, Vy, =0 and i, = igc
Hence,

GV, =igTo (5.21)
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Thus,

Yot
G==Ct2 502
Ve (5.22)

For example. with the conventional emitter-follower, the short-circuit output

current and the output resistance can be found as follows. (In this analysis base

extrinsic resistance ry is omitted)

+ Ve
Vi / Iy €m Vi
—» l_
:
I, (})
__-’
lS(!
R
AC common
(a) (b)
Fig. 5.8 (a) A conventional EF, and
(b) the small signal circuit with incrementally short-circuited output
By inspection of Figure 5.8(b),
, 1
Isc =|8m+—— U (5.23)
rK

To find the output resistance 1, a small AC signal is applied in the output of

the circuit, with the input potential fixed, as shown below.
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e
[
v 1
+
% ()
AC common
Fig. 5.9 Circuit for finding the output resistance of the EF
By inspection of Figure 5.9,
i=—+24g u (5.24)
RS
Thus, the output impedance is,
oY S (5.25)
g
gm r R
Consequently, the voltage-gain of the EF can be calculated as follows,
Goisclo _\" L)' I _ (ewr+) __ (B+1) (5.26)
u; u; 1N 3 [B S E’f_]
+H—+= +—+
Em [r,, RJ rn[gm (rn RH R
Thus, the voltage-gain is,
pY
o CR SRS (5.27)
n+@B+R B+1R
(B+1)R

where, 1is 0.7mA and. R represents the sink output resistance in parallel with the

collector-emitter resistance of the transistor, and the binomial expression has been

used since r, << (B+1)R in the normal case.
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Following the same technique for the ‘Diamond’ circuit, shown in Figure 5.10,

\Y \Y ! ¢
the voltage-gains —<-, % of transistors Qi and Q2, respectively, are calculated
S S

individually and used to derive ig..

Vce

rx//To1//rx3

Vs
(I g o= ﬂe Q2 o—g L\—/Js—__b a1

<‘D 4 )

(a)

Fig. 5.10 (a)The ‘Diamond’ circuit, and
(b) the load seen from the emitter of Q1 with the emitter of Q3 incrementally earthed

The parameter data of Chapter 3 gives,

Vap =22.8,B, =508, V,, =89.61,andB, =50.6
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For transistor Q1, the gain with the emitter of Q3 at a.c. earth potential is,
Vi
I
G, *1—-—~"— 5.28
A (B+1)R (525

where,
\%
R =1y /1o /13 =1y //lf—f’—//ﬁN —IT—

in which: ry = output resistance of current source ; r,, = collector-emitter resistance

of Q1; r ;= input resistance of Qs.

The output impedance of the current biasing circuit used has been calculated in

Chapter 3, at some 3.5MQ. Thus,

R =3.5M //ﬁ//50.62—5’§ =1.77KQ
0.7 0.7

Consequently,

5082

G ~1-——L21_ - 0.979
51.8-1.77K

Following the same procedure, the voltage-gain of transistor Q: is given by,

R=rx Mty ity =1,/

506228
Gy »1-——97 - 0.98
51.6-1.84K
where,
Va 89.61 //50.8 205 '78 =1.84KQ

Vo
N //Bp —= =3.5M //
I Pe I 0.7
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Considering the upper part of the ‘Diamond’ circuit, the output current is calculated as

follows,
. u 0.97%u
(iou)y =(Bn +1)=L =By +1) * ~0.98g,,u, (5.29)
T3 I3
Similarly, for the lower part of the circuit,
. u, 0.98u,
(‘out)i =(pP +1) 2 =(BN +1) z0'98gmus
T4 x4
Combining these two parallel contributions,
iSC = 2gm . O.98US (5.30)

The calculation of the output resistance is carried out separately, first for the
upper part, then for the lower part. By inspection in Figure 5.10, for the upper half of

the circuit,

1 g
L & oM (5.3
o g, Byl
For the lower half of the circuit,
na
Em
~—+
roz gm BP +1

The total resistance is given by r,, in parallel with r,,. Thus,

1
Io =gy /Ty = P (5.32)

m

5-17
Mr. Nikolaos Charalampidis Chapter 5



Novel approaches in voltage-follower design OXFORD

BROOKES

) ) UNIVERSITY
Having calculated the short circuit output current and the output resistance, the

voltage-gain of the circuit is then calculated,

G- isclo _ 28m-098u, 1
ui l'ls 2gm

~ (.98

The frequency response for small signal voltage-gain is illustrated in Figure 5.11.

10 ; T [
‘ no load

0_ ,,,,,,, E : Aﬁ :pl\’load
/ | LA AW
b /]

=20
[ 1 : (1.4735G,-3: 0168) ’\\

oo \\
AN

-40 i
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz  10GHz
o DB(V(6) / V(3)) o DB(V(86) / V(3)) v DB(V(96) / V(3))
Frequency

-10

'
w'
=
=

[Gl(aB) _ (1./0000M-107.354m) (851).554¥

Fig. 5.11 Frequency response for the magnitude of the small signal gain G
of the “Diamond” circuit with ‘6-pack’ biasing , I, = 0.7mA and different loads
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5.4 Incremental input impedance

A recently presented expression [S-5] for the incremental input resistance of
the ‘Diamond’ circuit ignored the finite Early-voltages of the transistors used and, to
that extent, must be regarded as inaccurate. A more accurate expression is derived

here and shown to be validated by simulation results. It was shown in Section 5.2 that

for I} <<I,, changes in 15,1, are equal in magnitude at I, /2 but opposite in

sign. This means that the circuit of Figure 5.1 can be split into two parts, an upper

half shown by the full line in Figure 5.12 and a lower half shown by the broken line

section, each feeding a load that is now 2R, .

Looking into the base of Qs, the input resistance R ; is given by,

1 1 1 1
1 A, (5.33)
R (Bn +1)0n [ron 2RLJ

The effective emitter load of Qi is R, where,

LUNUD S A SPS U O S (5.34)
REI (Bn+1) ron 21{L R
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RPT(D‘ : R,
|

hoa
Vs Vo 2RL
D_fg - Q2
—> Na1
Ri R _'l:}—— =t
R, |! i4 2RL
g A):‘[m =

Fig.5.12 Partition of Figure 5.1 for the calculation of R;

Hence, the input resistance, R, of the upper half circuit is given by,

1 1 By 1 1 1 1 J
= —+— |+ —| —+—
Ry (B, +1 (rop RPJ in+1i(B,, +])(r(m 2R,

An equivalent circuit for R ;;; shown in Figure 5.13.

—_
Ruy

OXFORD
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(5.35)

By +1R, (B, + 1)k, (B, +1)B, +12R, T (B, +1)By + Doy

Fig.5.13 The graphical interpretation of R
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B + DR 5By +Drn (g, +1)B, +12R, T (8, +1)B, + .,

Fig.5.14 The graphical interpretation of R,

Similarly, an equivalent circuit for R, , the input resistance of the lower part of the

circuit is shown in Figure 5.14. Combining the upper and lower parts, Figure 5.15 is

obtained, showing R; for the complete circuit.

N 7 N 7
. N 4 N 7/

R.

6, + )R [P+ Reg 1k, + R [0+ [fp, o [0 B0 +1Fa s S 1, 11,

Fig.5.15 Showing The origin of R; excluding rpofQi and 1, of Q2

The two elements on the right of Figure 5.15 are shown crossed because their

magnitudes mean that they can be ignored compared with the other elements.

Incorporating, now, the r,,,of Qi and I, of Q2 the final equivalent circuit is

obtained. as shown in Figure 5.16.

i T (B DR B+ (BR[|, +1ky (B, +1)B, +1)R,

Fig.5.16 A modification of Figure 5.15 that includes I, and 1,
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Novel approaches in voltage-follower design

(ie, R, =R = ), R = and I, =0.7mA, gives R; =1.063MQ compared

with a simulated value of 1.12M(Q, a difference of some 6%. For ‘6-pack’ biasing

R; falls to 1.08MQ because of the finite values of R .R, . The agreement between

the simulated and calculated values of R, (as a function of R, at 27°C) shown for

comparison in Figure 5.17, justifies the applicability of the equivalent circuit of

Figure 5.16.
D ]
|Ri(KQ) Ri=1.025MQ  Ri=1,070MQ |
1200 - ‘ rTTT]
1 ‘ ‘ [ ]
1000 | Measured R, T
800 4 | SE R, ko) | R; k) | R; kq)
[ ‘ calculated | measured
‘ ] 0.1 214 253
600 4— || i 58S || BNESEE yv 356 399
‘ ! RN 05 502 632
| Calculated R; | ] ; ;gg ggg
4 T o e 7] 4 966 1000
[ : : 1 5 984 1025
g v Sl e Y o el S = 10 1021 1070
a8 i ‘ | 50 1054 1110
‘ ‘ 1] 100 1058 1115
0 +— , |
0. 100
] 1 1 RL(KQ) 10

Fig. 5.17 Showing R; as a function of R for ideal biasing and I, = 0.7mA

It is apparent that R, is not significantly affected by the magnitude of R, for

R, >10KQ.
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To find the incremental input impedance Z;, rather than input resistance R,

it is necessary to measure the effective input capacitance. From the work of Chapter 4

it follows that,

Ca =(Cp +C,) (5.36)

Substituting data from Chapter 3, C,, ~ 72fF.

140 - =
| I i ik I [ |
Temp, 100 °C i (10.400K, 1“25.263) (1.7981M 119.180)
e SRS \ = / s umre ) ek e TR
120 5 - $
i (10.000M, 10p. 639)

Temp 27 °C
'I‘émp -20°C

(10.000] (10.000K,119.913)

100 L
(109.000M, 86.641)
|Za ; i ‘
e . [ o I RS [ P i N+

(dB)

40 -
1.0Hz 10Hz 100Kz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz
o e v DB((V(3) / 1(Val00)))

1.0GHz 10GHz

Frequency

Fig. 5.18 |zi] vs f for ideal biasing, | o =0.7mA, and three different temperatures

Figure 5.18 shows a 20dB/decade roll-off of IZil with frequency.

From this,

1
Oy it (5.37)
" 2nfyR,

where f}; is the -3dB frequency.

Substituting data for R,, f, obtained from the graph, C,, ~ 78.9pF, within 10% of

the calculated value.
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The variation of |Zi| with T at low frequencies is due, principally, to the

temperature dependence of f,,B,. Temperature has little effect above about 3MHz
because in this region |Z,-| is dominated by C;, which is not significantly

temperature-dependent.

Some spot figures for the frequency and temperature dependence of |Z,-| are

shown in Table 5.2.

Conditions Ziy| ()
enperecy | ® | 7 | w0 | 0 | 7 | we
f=312.5KHz 0.98M | 1.12M | 1.77M | 1.05M | 1.10M f 1.49M
f=31.25MHz 673K | 66.6K | 67.1K | 65.6K [ 654K | 66.4K
f= 250MHz 8.7!2 8.6K 8.5K 8.2K 8.1K 8.2K
Current source used Ideal current source/sink ‘6-pack’ current source/sink

Table 5.2 ,Zin] of the ‘Diamond” circuit with [, =0.7mA and R == as a function of fand T
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Taking into consideration that, in the small-signal analysis, the upper part of

the circuit is effectively in parallel with the lower part, from a signal standpoint, the

incremental output resistance can be calculated using the upper half circuit.

Furthermore, since (from Chapter 3) B, ~ B, it can be written B, =B, =p. where p

is the arithmetic average of B, and B, in an approximate treatment. In Figure 5.19,

r, and r, of Q1 and Q3 are ignored, as are base and emitter bulk resistances of Q1.

These resistances are, however, included for Q3 because of the larger current that they

pass.

Q':_ ___________ T T 1l : Qs :
I [_L I : ; :
! 2 + 1) 1
i 2 @D st e
[P l 3 Bl 0 lZ .
: { d/f) /l) I
P 1
: x r] \\i/)f”:”h‘ | &\ !
- B o l
: T : : 2 ([3+]) :
| | l
: El : I Ty :
L e e dy -1 I :
: r o 8
I n 2I
: g : E2
: =
o i o s o g B W S ) W (S ] (o]
a.c. earth

Fig. 5.19 Approximate small-signal circuit for calculating the output resistance, r,

By inspection of Figure 5.19,
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Hence, substituting o for B/(p+1) and BV, /1, for .
v, oV [ 1 } Iy Iy
T, = = 1+ + + = (5.39)
° (L) 2, [ B+ 2B+1) 2

Substituting for § =50.7 (Chapter 3), and ry =260Q,r; =5.2Q from SPICE data,

r, ~23.9Q

In Table 5.3, displaying some spot values of |Z,|, r, the low frequency value of |Z,|

is shown as 23.6€), less than 2% lower than the calculated value at T=27°C.

Conditions Z,| (@

Operatin%otcer)nperature 20 27 100 20 -27_-_-_ _»_3_0_(_)_ g
f=3125KkHz | 231 | 236 | 277 | 257 | 24 | 227
f=31.25MHz 23.1 23.6 277 25.7 24 22.7
f= 250MHz 21.9k 24.5 28.7 23.5 25 26.7

Current source used : Ideal current source/sink ‘6-pack’ current source/sink

Table 5.3 |Zol of the ‘Diamond’ circuit as a function of fand T for ideal and practical biasing

1, changes only slightly with T via its dependence on V,. B and, in the case of
“6-pack’ current biasing, on I, which increases slightly with T. The curves in
Figure 5.20, showing Z, as a function of f and T, for ‘6-pack’ biasing, have the

characteristic shape dealt with in detail in Chapter 4.
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3
| 5 (1.000PM, 28.200)
(a) Temp 27 5 & Temb 100°C \ (1:0000M)27. 62
30 = 5
/ 1.4000M,27.141)
20| sl
=
27 2z
© Temp -20°C | 4
24 - L ' :
o ¢ v DB(V(6) /I(Val00))
40d - [

27, |—(b) Temp -20°C_Jf

d)

SEL>> / Temp 100 °C
0d - |
1.0Hz 108z 100Hz 1.0KHz 10KHz 100KHz 1. 0MHz 10MHz 100MHz  1.0GHz

o e v Vp(6) -Ip(Vall0d)
Frequency

Fig. 5.20 Z  as a function of frequency for ‘6-pack’ biasing
@ |Z,|,and () £Z,
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5.6 Total harmonic distortion (THD)

Tables 5.4, 5.5, 5.6 show, respectively, THD under specified conditions at

312.5KHz, 31.25MHz and 250MHz.

Conditions THD (dB)
Operatmgotcmperaturc 20 27 100
SRR S e A R R
Current source used Ideal [*6-pack’ | Ideal [6-pack’ | Ideal Fé-pack'
Z, =5KQ -88.1 -86.4 -86 -85.8 -85.4 -85.1
Z, =5KQ//5pF -86.9 -88.4 -86.2 -86.7 -89.1 -85.1

Table 5.4 THD at 312.5KHz

Conditions THD (dB)

Operating temperature
(°C)

Current source used Ideal |‘6-pack’ | Ideal |[6-pack’ | Ideal E6-pack‘

Z, =5KQ -80.8 -71.9 -77.8 -71.9 -74.8 =72

Z, =5KQ//5pF -70.1 -61.6 -70.8 -63 -80.5 -57.9

Table 5.5 THD at 31.25MHz

Conditions THD (dB)
0 -
peratmgotemperature 20 27 100
s SR S -k o i e SN
Current source used Ideal |6-pack’ | Ideal |[‘6-pack’ | Ideal |‘6-pack’
Z, =5KQ 473 | -366 | -53.7 | -40 50 | -41.8
Z, =5KQ//5pF -46.9 -40.2 -47.2 -45.5 -46.3 -37.5

Table 5.6 THD at 250MHz
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The figures for 312.5KHz and 31.25MHz are better than those for the single

emitter follower, presented in Chapter 4, because the load current taken by each
output transistor is only one half that of a single emitter follower operating at same
current. The poorer THD for ‘6-pack’ biasing compared with ideal biasing is
attributed to the reduced effective emitter load resistances for the input transistors.
The finite output capacitance of the non-ideal current bias circuit becomes
increasingly important with increasing frequency because it introduces some
frequency distortion. This presumably accounts for the poorer performance in the

case of non-ideal biasing at 250MHz.

5.7 Intermodulation distortion (IMD)

IMD as a function of operating frequency and temperature is shown in

Table 5.7. Similar to the THD comments apply.

Conditions IMD (dB)

o) ;

1 peratlngotemperature 20 27 100

5 GG DIy E bt P e e .
Current source used Ideal [‘6-pack’ | Ideal [‘6-pack’ | Ideal [‘6-pack’

f=312.5KHz -100.4 -94 -108.1 -99 -102.2 -97.9
f=31.25MHz -94.6 -83.2 -94 -88.6 -92.8 -86.7
f= 250MHz -65.8 -48.5 -64.4 -50.3 -63.5 -52.2

Table 5.7 IMD as a function of f, T and biasing conditions
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5.8 Noise performance

The noise performance of the ‘Diamond” for ideal and *6-pack”’ current biasing

is shown in Figures 5.21 and 5.22, respectively, for the sake of completeness.

2.1nv r -
f Lo [ | [ | : |
i (10.000M,1.9242n)
2:0ay Temp_100°C i 1 ! 1
0% | | |
b i 1 o, e
1.9V : : . !
dugy N e = - =
w) i i i i
1.8V I i | | | i
Temp 27°C | (10.000M} 1.6971n)
S S : A . FJ ! —— \ e | :
1.7av: . ; H i |
i -
— i v ! A §
i i lcmp-.’[()"’(' i i (10.Q00M,1,5473n) ! /
1.6nV: : ] ; 1
! ‘ . i
i i |
1.5nv ! i -
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1. 0MHz 10MHz 100MHz  1.0GHz
o ¢ v V(INOISE)
Frequency

Fig. 5.21 Input noise with ideal biasing for three different temperatures

20Y | 1 T T I
! | i | | |
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! | | | |
i ! i |
i | { | | f10.000, 2. 63p8n)
2,80V - L ! : { B p
| Temp 100°C | i
1 R N P T B e | = -
| | m——lG
S i i 1 L
2.6nv - - :
du | | i ‘
pISS PR B T i s i B [
™ I Temp 27°C ‘ ‘
i \ i (10.004M,2.,3438n)
| i i 1
2.4nv 4
I g i |
- | |
R ] e ] e e
: e , I (10.0pom, 2. J462n) | ,
Temp -20°C ~
2.2nv L -
. ' - .
1 O S U R O, 5 I W MO P S S
! ! ] | i |
i
2.0nv .
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1. 0MHz 10MHz 100MHz  1,0GHz
© ¢ v V(INOISE)
Frequency

Fig. 5.22 Input noise with ‘6-pack’ biasing for three different temperatures
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5.9 Pulse response

The pulse response of the circuit (see Figures 5.23, 5.24) is understandable in

the light of the discussion on the pulse response of the conventional EF in Chapter 4.

800mv: - T T T | T

| |

i i * ! Input pulse

/]

o [ )} [11.:320:1.’496,446;111 :
L L LIS L] [ ] ]

/ /r= 1 \ | SpF load |

400mv ; - i —
B/ R EEREL WVan el
1 ' i | / / - T
! f 5K load—]—p) 586,59
‘ , | | oa // f15 5@5 046u
200mv - v

{ (15 OlOn,:&Tllu) /
. J LTI TsWIA ] ]
W N O T (O 0 5 e S SR O

.897n,i-66.712u)

-200mv.

gk
| K ; i | | | T [ 1 a0 } = |

z.um--@%ﬂ /_ — 7}@ —— Collgctor current (Q3) — +For SpF load |

1.0mA+4 $ - i | ‘/ | | | ! ‘

0A

[P, T ] o] e (Al \‘,. k P i{ e 8
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~1.0ma

— e
]
3
|

a IC(Q93) e IC(QY94)

[ | T I | I I ]
i ! | [~ For 5pF load ~]
El:v - o Bds/ccunent (Q) ———————1. p )

40uA - L>- \
Y

=40uA
L L L T AT i //! ______ B — W -
e | &£

Base current (Q;) | T

| E [ [y i

2=0mM] )[_ — Capacitor current =
7 \ :
\ e | —— S E=

T T ]
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Fig. 5.23 Waveforms for the circuit of Figure 5.1 for 1nS rise & fall times of input pulse

(a) ug;(b) u, ;(c) i :(d) ig and (e) Capacitor current
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The horizontal scale used to present the pulse response for 0.1nS rise and fall

time is half of that for 1ns rise and fall time for the convenience of the reader.

Input pulse
Wl

o ; | ‘
1.0v ; o 1
E [ | 1pF load 5 ‘
I
‘ / / 5pF load l - '
: 110.73pn, 9741 108m) ’
/ ; | SKQ load

" (12.2f4n, -13.078 \ \zmsn. 12,500 7m)
i | -

1.5V : |
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~

ov < - - : r v
N ’ f ;
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12mA; F | v - '\ T T T T
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\ | £ | ]
0A: —
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- B 7. S . 5
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S [ O i e i [
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Fig. 5.24 Waveforms for the circuit of Figure 5.2 for 0.1nS rise & fall times of input pulse

(@) ug:(b) U, ;(c) i :(d) iy and (e) Capacitor current
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S.10 Progressive modifications up to the final circuit

The deficiencies of the ‘Diamond’ circuit are overcome successively in the
circuit modifications shown in Figures 5.25 to Figure 5.29 inclusive. Modification 1
(Figure 5.25) shows the addition of diode-strapped voltage-level-shifting transistors

Q, , Q4, Q4 and Q,. These are incorporated with the aim of reducing the overall
offset voltage to a level closer to zero than as obtained in the ‘Diamond’ circuit. The
offset voltage reduction comes about because the base-emitter voltage drop of Q,
matches that of Q, and that of Q, matches that of Q. Similar considerations apply
to Q, and Q; and to Q, and Q;. Note though that the penalty for a reduced offset

voltage is an increased output resistance.

Modification 2 (Figure 5.26) now includes the added emitter-follower
transistors Q, and Q,, operating with the same base potential as Q, and Q,,
respectively. These bootstrap the collector voltages of input transistors Q, and Q,

and ensure that the collector-base voltage of these devices are effectively zero, over
the linear input voltage range and over the ambient temperature range and the power
dissipation in these transistors is minimised. However the main reason for doing this

is to increase the incremental input impedance.

Modification 3 (Figure 5.27) shows the addition of two more emitter-follower

transistors Qy; , Q,, which reduce the loading effect of Q,, Q, and Qs in the

current source and Q,,, Q, and Q, in the current sink.
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Modification 4 (Figure 5.28) includes two further devices, Q,; and Q,, which

bootstrap the collectors of Qg and Qg respectively with the aim of achieving even

better linearity. However, the penalty is a higher loading on the current source and

sink.

Modification 5 (Figure 5.29) shows the final circuit, what is termed here the
‘Voltage Super-follower’. The devices paralleling in the output stage halve the output
resistance and reduce the signal distortion but in the expense of an increase in

quiescent power dissipation of some 30%.
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Fig. 5.29 Modification 5 of Figure 5.1 : The final circuit, the ‘Voltage Super-follower’
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5.11 The ‘Super-follower’ / DC conditions

Figure 5.30 is a DC transfer characteristic of the Super-follower showing an
apparent DC gain of unity. The enlarged plot of Figure 5.31 confirms the expected
very small dependence of the offset voltage on temperature. This arise because,

although V. is dependant on T, V. difference is only weakly dependent on T.
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| i | (1.99p8,1.9997
-1.0v : ]
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Fig. 5.30 Simulated transfer characteristic for Figure 5.29 : V. = Vi =5V;I, =0.7mA;R| =
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Fig. 5.31 Expanded view Figure 5.30 in the vicinity of the origin
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Figure 5.32 shows the DC input characteristic of the Super-follower when the

Vsis varied over the range -5V to +5V. Figure 5.33 shows an expanded view of this
for the range -3V to +3V. The input current I is effectively constant (for a given
temperature) for 1V>Vs>-1V, because this is the range for which the current sink and
source operate in the linear range (i.e., — (Vg —5Vi )> Vg > (Vee =5V )) and Q,,

Q; operate with constant (zero) collector-base voltages.

Theoretically,
I |
i a_. G J (5.40)
. [(BPH) (B, +1)

Consequently, I; will be zero if both npn and pnp devices have identical current gain.
In practice, the difference in the transistors’ current gain results the input current

offset shown in Figure 5.32.
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600uA : - | : » Temp -20°C ' /

400uA . * H /
[ ! 10.00d, -1. 6368u) \7/
200uA - - \\ ' / I { T
Ip N F e S i Y| Temp 27°C
) 0A&
:‘ 1 | | £
-200uA - - f t
V17 R
— S— T
! i Temp 100°C
-400uA / 1/ P -
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~800ur
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Fig. 5.32 Input current of the circuit for V.. = Vi, =5V;I, =0.7mA;R; =
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Fig. 5.33 Input current of the circuit, in vicinity of the origin
Vee = Ve =5V;1, =0.7mA;R; =
The quiescent power dissipation of the circuit is increased, compared to the

‘Diamond’ circuit, due to the increased number of vertical conduction paths between

the two rail supplies. Consequently, substituting to (5.19) for Vi = Vi =5V and

I, =0.7mA, at 27°C,

P, =35mW

This shows good agreement with the simulated values shown in Table 5.8.

Quiescent power dissipation Po (mW)

[Operating temperature (°C) -20 27 100
31.7 34.6 39.2
Table 5.8 Quiescent power dissipation
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5.12 Small-signal voltage-gain of the ‘Super-follower’

The small signal voltage-gain of the ‘Super-follower” is shown in Figure 5.34
over a wide frequency range. This is to be expected from configuration comprising a

parallel pair of series connected emitter-followers, for reasons described in Chapter 4.

10
I i T no load

SpF load
e ¥ /

10pF load

-10

(Glasy | | i | ader il

-20

=30

-40

1.0Hz 10Hz 30Hz 100Hz 1, 0KHz 10KHz 100KHz 1.0MHz 10MHZ 100MHz 1.0GHz
o DB(V(21) / V(22)) o DB(V(B21) / V(822)) v DB(V(921) / V(922))
Frequency

Fig. 5.34 Frequency response for the small signal voltage-gain G with different loads
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5.13 Incremental input impedance of the ‘Super-follower’

The increased incremental input impedance of the ‘Super-follower’ compared
with the ‘Diamond’ circuit comes about via bootstrapping of the input stage. The

input capacitance, derived from the -3dB frequency (1.05MHz) in Figure 5.35, is

Cin =11.3fF compared with 78{F for the ‘Diamond’ circuit. Spot values for |Z;| asa

function of fand T are shown in Table 5.9.

160

(1.0542M,[139.491)

f Temp 100°C

140
/\ (10 .300,146.987‘/ | \:
]')ﬁ

2] \ |
(dB) (1004000, 142.491) ! i
100 - ' '
g, ol
/ Temp -20°C emp 27
80 . '
/
__(1D0.000/138.954) e e il 1§
: i | | f | | |
) : ’ .‘ : !
i i § |
{ | | | | | |

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz
B e v db((V(22) / T(Vinl)))

Za

Frequency

Fig. 5.35 Bode amplitude plot for three operating temperatures

Conditions |Z| (@)
Operating
temperature (°C) __'30 ______ xSy 2 7 _________ LN 1 0(_) ........
f=312.5KHz 8.6M 12.8M 21.1M
=
SEZSEOLe 344K 419K 530K
b= SUNHE 12.7K 12.6K 127K

Table 5.9 [Zi' for 1=0.7mAand R =0 as a function of fand T
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5.14 Incremental output impedance of the ‘Super-follower’

Figure 5.36 shows Z_  and £Z as a function of frequency. This is resistive

over a wide frequency range but exhibits inductive behaviour, the common feature of

emitter follower output stages, at high frequencies. Spot values for Z, as a function
of f and T are shown in Table 5.10. Z, is resistive at low frequencies and
theoretically its magnitude is,

Fane o)
R, ~LEm : - (5.41)

where, Ry, ry represent, respectively, transistor bulk emitter and base resistance.

Substituting data from Chapter 3 and PSICE transistor parameters,

R, ~23.6Q

Which is some 9% lower than the simulated value.
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Fig. 5.36 Magnituae (upper curve) and phase (lower curve) for Z0 as a function of T

Conditions 1Z,| €
Operating
temperature (°C) __'_2_0 ______ N EE 2 7 _________ T : 0(_) ________
f=312.5KHz 24.8 26 279
f=31.25MHz 24.8 26 27.9
f= 250MHz 24.8 25.6 26.9

Table 5.10 |Z | of the ‘Super-follower’ as a function of fand T
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5.15 Total harmonic distortion (THD) of the ‘Super-follower’

Tables 5.11, 5.12 and 5.13 show, respectively, THD under specified
conditions at 312.5KHz, 31.25MHz and 250MHz. This is understandable in the light

of the discussion of emitter follower THD in Chapter 4 and previous sections and

need no further concern.

Conditions THD (dB)
Operating temperature
- 100
“0) L el A | e 1
Z; =5KQ -89.9 -93.9 -93.4
Z, =5KQ//5pF -89.6 -89.2 -88.9

Table 5.11 THD at 312.5KHz

Conditions THD (dB)
Operating temperature
-20 27 100
b5 SRR SN S N e T | e S A e .
Z, =5KQ -76.8 -75.6 -80
Z, =5KQ//5pF -82 -84.4 -82.4

Table 5.12 THD at 31.25MHz

Conditions THD (dB)
Operating temperature
ETRlI O NN O g
Z, =5KQ -60.4 -57.4 -57
Z, =5KQ//5pF -47 -47.7 -47.4

Table 5.13 THD at 250MHz
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5.16 Intermodulation distortion (IMD) of the ‘Super-follower’

IMD as a function of operating frequency and temperature is shown in

Table 5.14.
Conditions IMD (dB)
Operating
temperature (°C) __'30 ______ ol O 2 7 _________ ___10_0 ....... l
f=312.5KHz -93.4 -93.9 -89.9
f=31.25MHz -80 -75.6 -76.8
f= 250MHz -60.4 -57.4 -57

Table 5.14 Simulated IMD results of the circuit as a function of fand T
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5.17 Noise performance of the ‘Super-follower’

The noise performance of the proposed circuit is shown in Figures 5.37. That

is increased by some 60% compared with the ‘Diamond’ circuit due to the added

devices.
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| | { \
5,60V J f ‘
[ ! [
- ) (G ‘{ = | - b (SR I
B T e t r
5.2nV Temp 100°C
- | ; i
1 Temp 27°C ‘\ !
E 4.8nv : Temp -20°C \ ‘ ! :
i | (10.400M, 4}4153n
- i = \v _____ i \:u = ~
4.4nv - . -
,_—x il . i (I0.0GOMG‘ 494n)

X ~

S [ [ B e (10.p00M, 3, 6309n|

1.0Hz 10Hz 1008z 1.0KHz 10KHz 100KHzZ 1.0MHz 10MHZ 100MHz 1.0GHz
e ¢ v V(INOISE)

O 0 :
|
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Fig. 5.37 Input noise for three different temperatures

5-47
Mr. Nikolaos Charalampidis Chapter 5



Novel approaches in voltage-follower design OXFORD

BROOKES

UNIVERSITY
S5.18 Pulse response of the ‘Super-follower’

The waveforms when a positive going input pulse of amplitude 0.5V and
specified rise and fall time that are shown in Figures 5.38 and 5.39, are
understandable in the light of the discussion of emitter follower pulse response in

Chapter 4 and need no further concern.
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Fig. 5.38 Waveforms for the circuit of Figure 5.29 for 1nS rise and fall times of input pulse
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As an extra test the input amplitude was increased to 1V as shown in Figure

5.40. The resultant output took some 1.5nS to settle.

L. 6Vr— - . : . -
! [ i i Innut signal i ‘
(105 114n} 991. 342m)
1.2v - v .
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Fig. 5.40 Pulse response for an input signal with 1ns rise and fall times of input pulse
and increased amplitude (1V)
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5.19 Summary of Chapter 5

This chapter has considered the analysis and progressive modification of the
so-called ‘Diamond’ circuit up to the proposed voltage-follower, named ‘Super-
follower’. The new design improved many of the performance parameters of the
original class AB high frequency VF, introduced by National Semiconductors, at the
expense of increased power supply levels. The simulation results showed superior
performance over several recently published VFs [5-5 to 5-9] as far as bandwidth,
distortion, input impedance and offset voltage are concerned. Its performance, in
some aspects, was comparable, at the worse case, to similar designs currently
available in the market [5-10 to 5-13] as far as the distortion and the pulse response
are concerned. The new VF has been reported by the author in the technical literature

[5-14], [5-15].
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6.1 Introduction

This chapter considers the evolution and operating characteristics of two
related types of voltage-follower, VFB/1 and VFB/2, that depend on the use of two
levels of current bias, one being the basic bias current and the other double that.
Emitter followers are extensively used and the matching in the base-emitter voltage of
two, or more, BJTs of the same polarity and operated at the same collector current
level is exploited. The analysis is carried out in a similar, to the previous chapters,
way investigating initially on the basic circuit and introducing the modifications that
improve its performance. The precise current-mirror ‘6-pack’, analysed in Chapter 3,

is used as a practical biasing scheme.
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6.2 Half-circuit of the VFB/1

The upper half-circuit of Figure 6.1 serves to show the starting point in the
design of VFB/1. It shows an enhanced EF. If base currents are ignored the feedback

action ensures that I, =1, =1. The matched V,; drops of Q,,Q,.Q;.Q, and the
action of the cascode transistor Q, see to it that over the linear input voltage range,
Veos = (Vs + Vge) and Vear = Vs

V, depends on the base-emitter voltage of Qs: if the load current, I, , is equal to |
then V, = V. In practice I, and I, are not precisely equal to I because of base

currents. Thus, if the load currentin R, is I,

TR PR 1) 6.1
R (T R ) ©1

1
20=1, + 12(1 +E) 6.2)
These yield,
Il=-1L(1+ﬁ)+1§21+52) 63)
1+B+B
and,
I(1+B)+1,
I, =p ~—~2" L (6.4)
2 B[ 1+B+p2 J
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The difference between I, and I,. as well as the difference between the base-emitter

voltages of Q; and Q,, leads to a finite offset voltage.

Bootstrapping [6-1] the collector of Q, increases the input impedance above
that obtained with the conventional EF. However, the circuit is not, as it stands.
suitable for use with fast negative-going input transitions for the reasons discussed in
Chapter 4, for the conventional EF. This is generally true even if the lower end of

R, is connected to —V,,. This difficulty is overcome in the full circuit of the VFB/1

shown in Figure 6.2.

Vce

Q5

el

I
Vs i 1 VCQ3 Vo
Dh’ Q1 ] 3
o

o D

Fig. 6.1 Upper half-circuit of proposed VFB/1
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6.3 The VFB/1/ DC Conditions

Figure 6.2 shows the full circuit of the proposed VFB/1. The shaded region
shows the upper half circuit of Figure 6.1 and a complementary version of this. On
this way the current can respond equally well to input signal of both polarities. DC

conditions are shown in Figures 6.3 and 6.4.

Vee

-
- -

- N
& (bez (hes { Figure 6.1 is within the !
- | s

\ .
~ broken line contour _ ~

e .
T R
%

I
I
I
|
I r
l] I 1
I 1
I 1
Vs ‘JQ7 1 1’)01 1
N ™ 1
R1 I I
I 1
1 ]
I 1
I -

L an
Qr

L

~Vee

Fig. 6.2 Full circuit of VFB/I
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The simulated transfer characteristic of the VFB/1 is shown in Figure 6.3 and

has a slope of unity as expected. Figure 6.4 shows that the linear input range is
approximately +1V. This corresponds to: (Ve —3Vgp)> Vg > ~(Vip —3Vy;) if

substitute V. = Ve =3.3V, Vg, =0.75V.

2.0v -
(2.0009,1.9833)
1.0v
{0.000,-5.1640m)
VO T Sy ey
ol Temp 27°C
)
AR W - b - g S I s 2 k
Temp -20 °C
|
=1. 0V i
(-4.0009,-1,9874) i
2.0v = ; ; .
l—— Temp 100 °C i [ l
e ' |
t
-3.0v 2.0V -1.0v ov 1.0V 2.0V 3.0V

o e v V(32)
Vinl

Fig. 6.3 Simulated transfer characteristic for circuit of Figure 6.2 : V. =3.3V;I, =ImA;R; =

20uA

— 1

10uA i °C
' Temp -20 °C Temp 100 °C

o | { ‘ ) Temp 27 °C

(A) S o SRS SN S = cemm—

(0.004,-1.7620)

-10uA

-20uA -
=3.0v =2.0v -1.0v ov 1.0V
0 o v I(Va3n)

2.0V 3.0
Vinl
Fig. 6.4 Input current of the circuit of Figure 6.2 for Vee =3.3Vs1, =ImA;R; =
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The quiescent power dissipation of the circuit is,

Py = (VC(‘ + Vig )'Io'n (6.5)

where n is the number of vertical conduction paths between the two rail supplies.

Substituting on (6.5) for 27°C .

P, =(3.3V+3.3V)-ImA -8 = 52.8mW

Table 6.1 shows the simulated quiescent power dissipation of Figure 6.2 for three
different operating temperatures. This shows good agreement with the calculated
value at T=27°C. Increasing/decreasing the operating temperature affects the current

gain of the transistors, resulting different operating currents, consequently different

power dissipation.
Quiescent power dissipation Po (mW)
Operating temperature (°C) 220 27 100
47.8 53.6 62.8

Table 6.1 Quiescent power dissipation of the circuit
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6.4 Small-signal voltage-gain

The frequency response for the voltage-gain shows peaking even with no load.
This is attributed to feedback in the half-circuits and the cascade of the emitter-

followers.

20

N _ SpFload__|

e 10pF load

\ no Joad

)({\ 3
Ide»x:::v,,,,, | . SERSE T T (L ARG SRR IO \\
0GR N ) < Tk R R \\

=30

-40

T e e
-60
100KHz 300KHz 1.0MHz 3.0MHz 10MHZ 30MHz 100MHz 300MHz 1.0GHz  3.0GHz
® DB(V(832) / V(820)) v DB(V(932) / V(920)) = DB(V(32) / V(20))
Frequency

Fig. 6.5 Frequency response for the small-signal voltage-gain |G|
of VFB/1, with different loads
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6.5 Incremental input impedance

The incremental input impedance of the VFB/I is shown in Figure 6.6.

Theoretically, its magnitude is given by.

Zi =B, + 1B, + DR /R gpuee // Ry /By + B, + 1R /R e // R ] (6.6)

Substituting data from Chapter 3, sections 3.2.2 and 3.3.3, the theoretical input
impedance is,

Z; ~2.96MQ
which is in good agreement with the simulated value at T=27°C as shown in Table 6.2

which displays spot values for |Z;| as a function of fand T.

ga0 = { I |
i | | | .0693M, 126. 461) {
-t 1 1 & L 4 ,,,7;)_*_, Sl i . 18
| (1 .:cox@e., ] : (1p.000K, 127.7p1) ; no load
240 ! ! : -
[ | | | /:r( 8384m, 123678
L i / s . l !
— : : 1 ’
120 . — [4 ' -
| )
T [ e = : e
i | |/ | sKkQlead N ;
100 : i .
“‘ r ; ! | IKQload |/ 1 !
@B B B T e e ——— | f 3l
- | {t10.004x, 120 4278) ! / | |
0
| ! (5. peasm, n7.277Y | |
} ! S —— — - - - { 3
| | | | |
60 : ‘ i T
ot Al 08 ] o A . = |
o | | I
0d
: | ’ | } 112.0643y,-43.133) |
-454 ! ; : i ; +
zz, e e S =i =ik : ntat} o b T 3. o
-90d . H i ; + . . 1 4
9 f i : ‘ i \ ;
~1354 ; ; . :
T ! ' ! T Y 1
S S— i H i H \ 4
~180d . i i i i i ;
1.0K2 10K 1008y 1.0KHz 10KHz 100KHz 1.0MHz 10MHz2 100M4z  1.0GHz
Frequency

Fig. 6.6 Bode plots for Z;|and £Z, for I =1mA for several loads
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The input capacitance, derived from the -3dB frequency (2.069MHz), is now

Cin ~35fF, due to the bootstrapping of the input transistors.

Conditions 7| ()

EN T M M M M A
f=312.5KHz 2.06}\/; 2.94M || 4.62M 1.67TM 2.45M 4.02M
f=31.25MHz 150K 181K 222K 150K 180K 220K
f= 250MHz 6.6_K 6.5K 6K 6.5K 6.4K 5.9K
Output load | b R = R =5KQ

Table 6.2 ]le of the VFB/1; V. = Vg =3.3V; Ry =o; Ry, =5KQ, as a function of fand T
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6.6 Incremental output impedance

Figure 6.7 shows Z_ and ZZ as a function of frequency. Due to the emitter-

follower output stage, the behaviour of the output is resistive at low frequencies and

inductive at high frequencies. Spot values for Z, as a function of f and T are shown

in Table 6.3.

28 ; Temp 27 °C ;
10.009K, 20.463) : ; i
(dB) », \ ;
(16.000K,120. 647) i Temp 10Q°C
=1 SN N [ . S50, v7,/~ o : f it
20 : - = -
o s v DB({(V(31) / I{Vinl Femp -20 °C
90d : :
ZE, ‘
45d | ' | ‘ I jE= }
Temp 100 °C /
--=-Ud' ; | '('cmpi‘('
1,07 1082 1002 1. 0KHz 10KHz 100KEz 1.0MHz 10MHz 100MHz  1.0GHz
Frequency
Fig. 6.7 Magnitude (upper curve) and phase (lower curve) for Z
Conditions 1Z,| €@
Operating
temperature (°C) | ke (RN e o o ORI
f=312.5KHz 10.7 10.8 10.9
f=31.25MHz 10.7 10.8 10.9
f= 250MHz 12 12.2 12.4

Table 6.3 lzol of the VFB/1 as a function of fand T
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6.7 Total harmonic distortion and intermodulation distortion

Tables 6.4 to 6.6 show, respectively, THD under specified conditions at
312.5KHz, 31.25MHz and 250MHz. The performance is superior to the ‘Super-
follower circuit, considered in the previous chapter. It can be observed that the
circuit performance is poorer at higher frequencies mainly due to the finite output
capacitance of the bias circuits which increase with the operating frequency. IMD
performance results for the VFB/1, as a function of operating frequency and

temperature, are shown in Table 6.7.

Conditions THD (dB)
Operatmgotemperature 20 27 100
), o e e R Rt - E
Z, =5KQ 92.1 91.2 -90.2
Z, =5KQ//5pF -91 -86.8 -84.2

Table 6.4 THD at 312.5KHz

Conditions THD (dB)
Operating temperature 20 27 100
(OC) .................. ——— - ——— " ——— - —
Z, =5KQ -73.3 -72.7 -76.9
Z, =5KQ//5pF -73.4 -75.8 -73.3

Table 6.5 THD at 31.25MHz
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Conditions THD (dB)
0 :
peratmgotemperature 20 27 100
S I B LT e e O )
Z, =5KQ -66.6 -67 -67.6
Z, =5KQ//5pF -69.3 -70 -69.6
Table 6.6 THD at 250MHz
Conditions IMD (dB)
Operating
temperature (°C) | IR L e Y
f=312.5KHz -64.4 -64.4 -64.3
f=31.25MHz -67.8 -67.3 -67.7
f= 250MHz -60.1 -61.3 -62.1

Table 6.7 IMD results for the VFB/I, as a function of fand T.
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6.8 Noise performance

The noise performance of the VFB/1 is shown in Figure 6.8. It is worth noting

that the input referred noise is considerably low, compared to the input signal.

20nv -
|
—t
15nv: T
— 1 g ' 8 R SRR s TR S - e .
du,, | .
w) ] i
gt o e ) 2
RESIETY SN ASIGH) (S . ST IR [0 o i O T TR R (SO ) [ RN
: ﬁ 1.0000K, 6.7930n) : . ‘
10nv - ; g Temp, 100 °C
————— - /,;__ e e——————
s e = ¢ e i emes 2= !
= Tl | i — . o(f ....... - \ =
I ‘ { Temp -20 Temp 27 °C
5nV- - i ' +
1. 0Hz 10Hz 100Kz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz  1.0GHz
o e v V(INOISE)
Frequency

Fig. 6.8 Input noise of the circuit
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6.9 Pulse response

Figures 6.9 and 6.10 show. respectively, the pulse response of the VFB/1, for
InS and 0.1nS rise and fall times. The circuit performance is understandable in the
light of the discussion on the pulse response of the conventional EF in Chapter 4. The
horizontal scale used to present the pulse response for 0.1nS rise and fall times
(Figure 6.10) is half of that for Ins rise and fall times for the convenience of the

reader.,

800mv
] -; ~ B 1

Input pulse —— |

/ / |
400mv - T
' / J / ‘ " ; ugdmnl-s‘eo Tn) [
‘ 1 | - [ _“i;l—“ } ) I © it .,..,ﬁl‘,
J / | 5 | | |
:[ = - }_‘4. | i - | ‘

| | ! |
i Ain -5.%6 F
(9.13505n, 5. 764Dm) j{15.031n, 25.164308) (15,0830} ~5.5957m)

B S L R T R e R T S
j \ | [ 1 i J
ov ‘ ! ‘ ! o
! i | i i 7 i \ |
i | : i 5K load | i N -
— I ok LS R 58 ——r—=—o—— 5pk load
~200mV: l
4. 0mA ; e
1 ‘ 14. 162n, 693.350u)
4 SR (S S | 5 v ﬁkf collector CUFFCI]LL(.)5+Q6) o L’ S il “§ : |
2., 0mA | | i i :/ — |
| [ [racm ! il AN S B e e L% P i
oal110.235n, -8, 4514 110.165n, 3. 5p22m) | | bt ! [
s | b L ]a4.2650,-3.5262m)] )
-2. OmA / :' N\ _ 7 / :
T | T 1 collector current(Q11+Q12y" T \L—ﬂ; - rFor SpF load
-4.0mA
o IC(Q69)+IC(Q610) o IC(QE11)+IC(Q612)
4, OmA ; . T T -
= se S — = LS SN e R A —— 4 e FOr SPF load
2.0mA4 v ;
SO EITH FUTTL I | S S | U S N S BRI R LR L)
0A s / P
. 1SS S S AT o il ; el I AN . I o =
-2, Oma: I ! r I A | -T / [
I : 7 ﬁ |
SEL>> [~~~ ——[— capagitor currént +——+—— R e —
~4.0mA +
8ng 9ns 10ns 1lns 12ns 13ns l4ns 15ns 16ns 17ns
o I(cé)
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Fig. 6.9 Pulse response for an input signal with InS rise and fall times
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Fig. 6.10 Pulse response for an input signal with 0.1nS rise and fall times
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6.10 Basis of the VFB/2

The starting point for the design of the VFB/2 is shown in Figure 6.11. This
differs from the circuit in Figure 6.1 in that the collector of Q1 is not bootstrapped.

Vee

D

—
sy

Vo

oL

-Vee

Fig. 6.11 Starting point for VFB/2
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6.11 The VFB/2 / DC conditions

The full circuit of the VFB/2, shown in Figure 6.12, utilizes the circuit of Figure 6.1

and its complementary counterpart.
Vee

J D
Qe }J Qis JJ
012:{{— w K { are
Q13 E
. . l‘J il _ams
0114 h' |\
a1 '
| )
V:
Ds r: at 4{: &
JR1 Vo
.|
Em [RCST i RL

Q21

3L
FT

-

o Jon _Vams
=

T T :

-Vee

Fig. 6.12 Full circuit of VFB/2
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4.0V : :
e
(4.5p69, 4.5059)
oy
| (0.400,-3.0739m)
Temp 27 °C | ¢ e
Vo i
0%
™ Temp -20 °C
-2.0v /r
(-4]506}, -4.55055
i i
)/ ‘ | “
4.0V ! : !
| Temp 100 °C | [
. ! i ST I | ALl ‘
. + t
-6.0V -5.0v -4.0v =3.0V =2.0V -1.0V ov 1.0V 2.0V 3.0V 4.0V .oV 6.0V

o e v V(8)
Vinl

Fig. 6.13 Simulated transfer characteristic for circuit of Figure 6.12
Vee = Vg =5V3I, = ImA;R, =
The linear input voltage range, shown in Figure 6.13, is set by the Vg, of Q,
(or Vg, of Q, ), and the minimum allowable voltage Vy . say, across the current

bias circuits, for them to operate outside saturation.
Thus,

(+ Ve = Vi = Vi )> Vi 2 (= Viee + Vz + Vi) (6.7)
Figure 6.14 shows +3V > V¢ > -3V, which is in fair agreement with the theoretical
values for Vg ~0.75V. The increase in I, with Vg is attributed as in previous

circuits to the temperature-variation of B, and B,.
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30ua I _[
S Temp -20 °C t
20uA \ /f
15ua . - ‘///
f 0}000,558.43ln) | !
10ua : 2 \Jr\\‘ i / |
i ; | ‘ i §
o 5 | i %————‘J 1 ;r""‘l’ 27°C
() 0 1 T=s= : —N—
g / i » : : I‘cuﬁp [100°C —
-10ua
=150 ///7/
-20uA
-25ua "’///
-30ua f
-5.0v -4.0v =3.0v -2.0v -1.0v ov 1.0v 2.0v 3.0v 4.0v 5.0V
o e v I(va200)
Vinl
Fig. 6.14 Input current of the circuit of Figure 6.12 for Ve = Ve =5V;l, =ImA;R| =
The quiescent power dissipation of the VFB/2 is,
Pq = (VCC + Vig )'lo'n (6.8)

where n is the number of vertical conduction paths between the two rail supplies.

Biasing the circuit with ideal sources, at 27°C , Py = (SV 4 SV)- ImA-5=50mW .

Simulated values for P, is shown in Table 6.8. This shows fair agreement with the

calculated values at T=27 °C.

Quiescent power dissipation Po (mW)

Operating temperature (°C) 20 27 100

Table 6.8 Quiescent power dissipation of the VFB/2
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6.12 Small-signal voltage-gain

The small signal voltage-gain of the VFB/2 is shown in Figure 6.15 over the
frequency range. The cascade of the emitter-followers results in peaking, similar to

the VFB/1 circuit. This peaking is a typical characteristic of voltage-follower designs.

5pF load —

|
10pF load
) no load

| .
A\

-20
) \\

1l

-60

100KHz 300KHz 1,0MHz 3. 0MHz 10MHz 30MHz 100MHz 300MHz 1.0GHz 3.0GHz 10GHz
e DB(V(38) / V(36)) e DB(V(68) / V(66)) v DB(V(8) / V(6))
Frequency

Fig. 6.15 Frequency response for the small signal gain G
of the VFB/2 with different loads
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6.13 Incremental input impedance

The incremental input impedance of the VFB/2 is shown in Figure 6.16. This
is poor compared with the VFB/1 because of the nature of the path between input and
output. The input capacitance, derived from the -3dB frequency (2.838MHz), is

Ci, ~85fF, over double of VFB/1 because of the absence of bootstrapping of the

input transistors. Spot values for ,Zi[ as a function of fand T are shown in Table 6.9.
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Fig. 6.16 Bode plots for IZiIand ZZ; for Ic =1mA and several loads
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Conditions | @
S eantng 20 27 100 220 27 100
temperature (°C) | RN i [ ", L
f=312.5KHz 533K 637K 797K 510K 593K 721K
f=31.25MHz 63.6K 63.7K 64.4K 63.2K 63K 63.7K
f= 250MHz 8K 8K 8K 8K 7.9K 7.9K
Output load Ry = R; =5KQ

Table 6.9 |Z,| of the VFB/2 with Ry = as a function of fand T
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6.14 Incremental output impedance

Figure 6.17 shows Z, and ZZ as a function of frequency. This is resistive at
low frequencies and inductive, at higher frequencies, because of the emitter-follower

output stage. Spot values for |Zo| as a function of f and T are shown in Table 6.10.

30 : :
24 - | . | |
1 T Taodosspeen | » e i /
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1.0Hz 10Hz 100Kz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz  1.0GHz

0o v (Vp(B) - Ip(Val00)
Frequency

Fig. 6.17 Magnitude (upper curve) and phase (lower curve) for Z

Conditions Z,| ()
Operating
temperature (°C) ___30 ______ L3 (R 2 7 _________ L S et 1 0(_] ........
f=312.5KHz 2.4 2.4 255
f=31.25MHz 2.3 28 2.6
f= 250MHz 52 5.3 5.1

Table 6.10 ,ZDI of the VFB/2 as a function of fand T
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6.15 Total harmonic distortion and intermodulation distortion

Tables 6.11, 6.12 and 6.13 show, respectively, THD of the VFB/2 under
specified conditions at 312.5KHz, 31.25MHz and 250MHz. It is worth noting that the
distortion is kept in low levels, even at higher frequencies, due to the wide linear input
voltage range. Table 6.14 shows IMD performance results as a function of operating

frequency and temperature..

Conditions THD (dB)
Operating temperature
s 100
°C) e BT e, R
Z, =5K5} -89.4 -89.9 -88
Z; =5KQ//5pF -78.3 -79.9 -79.8
Table 6.11 THD at 312.5KHz
Conditions THD (dB)
Operating temperature
° -20 27 100
St B P Rt e i v B o e g
Z, =5KQ -80.3 -86.8 -82
7, =5KQ//5pF -67.4 -63.9 -61.2

Table 6.12 THD at 31.25MHz
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Conditions THD (dB)
0 -
peratmgotemperature 20 27 100
(6) - R R BT T E

Z, =5KQ -74.9 -70.8 -65.6
Z, =5KQ//5pF -71.1 -62 -56.4

Table 6.13 THD at 250MHz

Conditions IMD (dB)
Operating
temperaturecc) | 20 ) - A ey LA e e :
f=312.5KHz -88.2 -87.6 -88.7
f=31.25MHz -84.4 -84 .4 -84.2
f= 250MHz -59.2 -66 -56.8

Table 6.14 IMD results for the VFB/2 as a function of fand T.
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6.16 Noise performance

The input referred noise of the VFB/2 is shown in Figure 6.18. This is
reduced, compared with the VFB/1 of Figure 6.2, mainly due to the reduced amount

of devices used throughout the signal path.

14nv
— e e gL i =
| | | i { |
12nv: ! ! | | | |
j { I | , | |
[
s Lt I } | gt
| T i ! | [ T
10nv : i . !
du,, ‘ (10,040K, 6. £487n) i | Temp 100 °C
e k‘ il [ ’ N G T e D T T TS I Temp 27°C |
™ | | 10, 000K, 5, 5492n) \ ‘ , |
BnV t L i L l
| / (10.400K, 5{1057n) \ ‘ A /
| N ,/ i ;% t T
‘ NI i ‘ J/
énv - +
| | i | A SR i
1 [ 1 { { | |
o . m— )/1— —
4nv - i i I ! .
| i Temp -20 °C [ | !
| i ; } . |
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1, 0GHz
o ¢ v V(INOISE)
Frequency

Fig. 6.18 Input noise of the VFB/2
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6.17 Pulse response

Figures 6.19 and 6.20 show the pulse response of the VFB/2, for 1nS and
0.1nS rise and fall times, respectively. The performance can be understood by
reference to the discussion of the pulse response of the conventional EF in Chapter 4.
In addition, the ringing observed is contributed to the output stage of the circuit which

comprises two low impedance points joint together.

§00mv 5 . - ! Tl ] T
Input pulse i
L

(11.;009n 495, 489m)
i !

600mv+—s v :. : ; i
| / ’ ! \ IpF load | i ‘
e I i H | i ‘ ¢ S— -
400mv / ; \ f ‘ v
’ // \’{\ (15.00 n.-3;Loovsm) |
v E i : : 7 : z
200mYfm— / : | \ z |
| | ! ! ‘ i ‘:
(9,506n, 3,562 7m) / i ! \ / | _~5pF load [

OV e ' i

4. 0mA
3. OmA;

i i

SKQ load
| | |

{ 4 T T
: r {f-12th, 2. 901 93, { collector cyrrent Qs

(10.065n,4175.400n) H ! ; [ '
2, 0mA i !
ok : : : : :

0 (1a]121n} -15. p530) J |

0 6 1 1 ) T

1. ona ] 20- 4650, 3. 0930m) 1 _ 1 !
| \ —V

-2. 0mA e Al
E ! For 5pF load
collector current Q2 - |

-~

| } . 1
SEL>> i i i -
~4.0mA ' ! i i

i i
1 i
|
|

o IC(Q65) « IC(Q62)

4.0mA+ -

3.0mA : I : capac

2. 0mA -

1. 0ma
OA

I ] | | |
1tor current—; T | [
\ i

(10.065n,B. 2097m) | | 1\

i

-1.0mA ; ! ! ‘ i | ‘
-2.0mA | .121p,-2.p456m) ! | I

-3.0mA

-4.0nA ! ‘ -
fns 9ns 10ns 11ins 12ns 13ns l4ns 15ns 16ns 17ns 18ns 19ns
o T(Cloadé)

For 5pF Io‘ad_
Pl ] |

Time

Fig. 6.19 Pulse response for an input signal with InS rise and fall times
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BOOmY
(10.102n, 495, 4B5m) ]nPUl pUISc §
; | i
(19.228n, 4p5. 489m)| | [
600y : - ‘ . . 1
| | | |
| | |
Tl A | z | l i S
i 1 ] |
| | ’ !
inr « 1 1pF load r [ [
(13.285n|-3.0075m)
- ) e et ot S S
| | | |
200my - |
.203n,-3.0075m) ol |
e o i SpF load |
R AT SES—S— Tem—— S S e ———l P g——— / ‘
oy "= i i
(9. 6564, -3. 562}m) | SKQ load |
12mA ' : I
e collector current Q5 - [ Ci=ss
= r current Qs - 1
i T3 RS0, IUTo0m) !
im L
- by =0
OA —
i ! P )
He i ioibtal——| 7~ T35, 171800 | | P
=l collector current Q2 ! Tl For SpF load—
-12ma i 1 - -
o IC(Q65) o IC(QE2)
12mA. : : - .
N | __ For SpF load
B ; : —
dna ' \ : ; T
! (10.672n,11,p20m) | § | !
oA : i !
1 { | i {
~4mA: : : 7 ¥ 1
capacitor current 149n,-11.757m) j
SEL>> I i
-12mA |
9ns 10ns 1lns 12ns 13ns l4ns 15ns léns
o 1(Cloadé)
Time
Fig. 6.20 Pulse response for an input signal with 0.1nS rise and fall times
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6.18 Summary of Chapter 6

This chapter has considered the design and performance of two new types of
voltage-followers, the VFB/1 and VFB/2. The two types are similar in that they both
use complimentary half-circuits but differ in the configuration of the half-circuit and
the way they are connected. This accounts for their difference in their input
impedance, output impedance and pulse response. The half circuit design, in each
case, requires the use of two levels of current bias, one twice the other. A low offset
voltage is achieved by matching in the base-emitter voltage drops of transistors of the
same polarity rather than matching in the voltage drops of a diode pair comprising one
transistor of each polarity as in the ‘Super follower’ of the previous chapter. Both

new designs have been reported by the author in the technical literature [6-2 to 6-5].
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7.1 Introduction

The previous chapters have dealt with VFs using local feedback. This chapter
discuss the design and development of a different type of VF, one using global
feedback and called here, for convenience, a VF Type C or VF/C. A popular form for
a VF with global feedback is a voltage operational amplifier (‘op-amp’) with 100%
negative feedback. Unfortunately, such a scheme is unable to meet the VF
specifications of this thesis with currently available op-amps. However a stripped-
down version of an op-amp, using a long-tailed pair input stage followed by a
‘Diamond” circuit output stage suggests itself as a possibility. It is that configuration

that is pursued further now.

The chapter starts with an analysis of the core of the proposed circuit,
presenting some of its performance parameters, followed by the proposed circuit and
the modifications adopted to improve performance. A thorough investigation of the
stability of the proposed circuit is carried out and the final circuit is evaluated
similarly to the circuits of the previous categories. The chapter finishes with a
comparison of the VF designs presented in this work and comments about their

performance and trade-offs.
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7.2 Starting point of the proposed design / DC and AC conditions

The starting point of the proposed design is shown in Figure 7.1. A single
stage, long-tailed pair amplifier is followed by an emitter-follower which provides the
required feedback [7-1], [7-2]. Relevant voltage and currents are labelled for the DC

analysis that follows.

Fig. 7.1 Core circuit of the proposed follower, labelled for a DC analysis

[ ;> cannot exceed 21, because that would mean that Qi is cut off. Hence,

21
I =0 _ 7.1
BZ<(1+B) (/.1)

But,

gy =1p, +1 +:—0 (7.2)
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Hence,
21 I Vo (7.3)

0
o < T8 (T BR,

Assuming that V, is very small (checked later for consistency) and ignoring the first

term in (7.3) compared with the second term,

o lo 7.4
'~ (1+p) 9

Consequently,
o __q (7.5)
lep =1p = m =alo :
and,
1
Ig, =_(°do)= Io (7.6)
o
Iy =1lo (7.7)
and,
Ioy =alg (7.8)
On the basis of the approximations made I, =1,
But,
Vos = Vger = Vg2 = Vr log, T‘U— (7.9)
c2
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Hence,

Vos =0

In practise Vg # 0 because of the approximations made but, as can be calculated

from (7.9), it will approximately be of the order of 1mV or less.
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7.2.1 Small-signal low-frequency gain, input resistance and output

resistance

.
Y

(1) B

P

-Vee

Fig. 7.2 Core circuit of the proposed follower,
labelled for a small-signal low-frequency analysis

Figure 7.2 shows the circuit of Figure 7.1 labelled for an analysis of
small-signal closed-loop gain G(0) and frequency response. At low frequencies all
device, stray and any added capacitance (such as C) can be ignored. I, determines
the loop gain (the input is earthed) and the loop is broken at the point marked by the
line cut. How this may be done in practice, or in simulation, and the precautions that

must be taken are discussed later (See section 7.6).
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R;,R,,R; represent, respectively, the incremental resistances looking into

the collector current source for Q2 the collector of Q2, and the base of Q3. A test

voltage Vy applied at the base of Q2, and voltage generated at point x is observed.

By definition, the loop gain (L.G.) is given by,

LG.= E (7.10)
VX
By inspection,
L.G.=-A(0)-G(0) (7.11)

in which, A(O)= Lf. differential voltage gain of the long-tailed pair

A0)=-En2x (7.12)

where,

Ry =(R, /R, //R;) (7.13)

and, G, (O)= L.f. voltage gain of the emitter-follower stage.

Since GV(O) is close to unity it will be taken as such, for the time being,

LG. —% (7.14)
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From standard feedback theory [7.3] the low frequency gain G(O) of the feedback

amplifier is given by,

OO @13

It is shown in Appendices AP7.1 and AP7.2 that the input R, and output R,

resistances with feedback in terms of the input and output resistances without

feedback are given as,

R, =R;[1+A(0)]>> R, (7.16)
R, =R, /[l+A(0)]<<R, (7.17)
7-8
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7.2.2 Frequency response

If C is large enough the open-loop frequency response is determined by

R and C and the cut-off frequency, f_, for small-signal gain is,

f. = 1 (7.18)
¢ 2mnR4C

This is true if f, is well below the cut-off frequency of the transistors used.

The closed loop bandwidth is then given by,

f.'=f_[1+A(0)] (7.19)

The circuit of Figure 7.2 is not, as it stands, suitable for handling fast negative-
going pulse edges for reasons given in Chapter 4 in the discussion of the emitter-
follower response. This limitation is overcome in the proposed circuit, dealt with

next, that incorporates a ‘Diamond’ output stage.
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7.3 The proposed circuit, VF/C

The full circuit of the proposed circuit type VF/C is shown in Figure 7.3. The

part within the dotted contour is the circuit core which is a development of Figure 7.1
and the currents shown labelled in the core apply for Vg =0. The part outside the

contour is the “6-pack’ current biasing scheme, analysed in Chapter 3.

: D
" J Vce
ozor‘ = Q24
Q23 Circuit core

R1

-
=]

r-

=r
R
B

1YL

|
g
p=—-
I
I
0
“—
T
I
I
= d
2

Q39
Q35 Q37
j ’1 -Vee
| : D
Fig. 7.3 Full circuit of VF/C (V. = Vi =5V : 1=1mA)
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Comparing Figure 7.3 with Figure 7.1, Qs and Qo are added to provide suitable

biasing for the complementary output stage. With Vg =0. negative feedback ensures
that V,, ~ 0 also, providing the transistors operate in the forward-active mode, with

the DC current distribution shown. Now if V, =0, then the base of Qs is 2V

above earth potential. The inclusion of the diode-strapped transistor Q3 and Qu
ensures that the collector voltage of Q2 is zero. Connecting the collector of Qi to the
output terminal makes the collector voltage of Q1 zero also. Q7 and Qs are connected

in parallel so that their base-emitter voltage is the same as the other transistors and
each has a collector current of 1mA. The connections, indicated, provide

bootstrapping for the collector of both Qi and Qz2, with the intention of providing an

increased input impedance. The proposed circuit was simulated with Vg =0 to check

the DC conditions. However the output revealed the presence of sustained sinusoidal

oscillations, shown in Figure 7.4, occurring at a frequency of approximately 4.2GHz.

A
HAHEHEA

(7 027Qr 573 0668)

-200mv . ! I
6.5ns 7.0ns 7.5ns 8.0ns 8.5ns 9.0ns 9,5ns

s V(11)

100mv

Vo
ov
(4))

-100mv

Time

Fig. 7.4 Oscillations at the output of the circuit with v =0

Accordingly, it was decided to investigate the stability of the circuit by
examining the frequency variation of the magnitude and phase of the loop-gain.
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7.4 Investigation of stability

Figure 7.5 shows the set-up used to plot the frequency variation of the loop-

gain magnitude and phase.

g
b

Dummy load
- s .
s H Ew
' VX
V
Qz s I T DI~
(,- 2
Q4 j— "'}’ ”
_:_ ar
mﬁ——' l Qs
%m Vo

— s

Q31

Q3s

i
L3
g £
S
& g
ﬁh
g
SRR 4
§
.__..53' L._.___.J‘\‘___J

Vee

Fig. 7.5 Circuit used for the evaluation of loop-gain magnitude and phase

A cut was made between the collector of Q25 and the base of Qs, but provision
was made to ensure that the DC conditions and impedance levels at that point
remained unaltered. This necessitated a DC voltage being applied to the base of Qs

7-12
Mr. Nikolaos Charalampidis

Chapter 7



Novel approaches in voltage-follower design

OXFORD

BROOKES

UNIVERSITY

and a ‘dummy load’, shown shaded in Figure 7.5, being attached to the collector of

Q25. A small test voltage Vy applied at the base of Qs produces a voltage Vy'. The

loop-gain magnitude is [Vy'/ V| and the loop-gain phase is £V '/ Vy .

: PR \\ : — e S == e ~7~ , SSOEVE Sl (S ¢ (41;5597.7;;3,777;;;, -

e Lol ,WNHTS§\(, SO WSSO [T e | o H,///E. R s B TSR
(b1.16, 67.4F4) ! (6.9439M,64.455

-180d

R L S
4.46505,?‘()‘006,)

-270d | | :
AG i S SSUS: SSNSIS (SR S— ,,__.? el ___, U SN SN SESE b —\/ —

-360d
@ — Pl s Bl R o] el e SRS g R e MY W
-450d ; ! | \\ |
SEL>>| T = H =S | e [ T —
-540d i | i |
10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz 10GHz  100GHz
Frequency

Fig. 7.6 Loop-gain magnitude (top trace) and phase (bottom trace)

The result is shown in Figure 7.6. It is clear that |L.G| =2.77dB (i.e.,>0dB)

when ZL.G=0°, at f =4.46GHz (i.e., close to the figure of 4.2GHz found for the

oscillations in Figure 7.4).
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To achieve stability the ‘dominant-pole” approach was adopted [7-4]. A small

capacitor C, was connected to the collector of Q25 as shown in Figure 7.7 because this

point has a comparatively high incremental resistance associated with it.

|
— - _,H Q25 I
Q4 :’— 12‘1

QJH— Q6

Fig. 7.7 The ‘dominant-pole’ compensation technique

C, has the effect of reducing the bandwidth with the result that [L.G| < 0dB

when ZL.G=0°. Trial and error revealed that C, =0.2pF was just enough to

achieve this but, in order to produce a gain and phase margin that would not only take
account of circuit tolerances but also to provide acceptable peaking in the frequency
response of the closed-loop gain, a value of 0.35pF was decided on. This provides a

gain margin of 2.26dB as shown in Figure 7.8.

A higher gain margin could be achieved with a larger value of C; but that
would be at the expense of closed-loop bandwidth. Furthermore in practical design

the smaller C, the smaller is the IC chip area consumed.
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Fig. 7.8 Loop gain magnitude (top trace) and phase (bottom trace)
after stabilisation with C, = 0.35pF

The theoretical background and justification for the choice C, =0.35pF is as

follows. Referring to Figure 7.5, [L.G.(0), the loop-gain magnitude at very low

frequencies, is given by,

. R
ILG.(0) = (‘\i—x] =-Gy(0) % “‘2 L (7.20)
X

in which, G (0)= :,/—0 , the low frequency cascaded emitter-follower gain and
X
Re =R, //R,//R;, where R,R,,R; are, respectively, the incremental resistances

looking from the collector of Qz, the output of Q25 and the base of Qs.
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A calculation using (7.19) and theoretical values for R,,R,,R; did not give

good agreement with the simulated value of 2362 for [L.G(O]. The reason for this

was found, principally, to be due to the values used for R,,R, .

Theoretically R, should be (2V,/I), which is approximately 180KCQ.
However this assumes V, to be 90V (using data from Chapter 3). In the vicinity of
zero collector-base voltage the slope of the transistor output characteristic, I versus
Vg, is not the same as that at, say 5V, where Early-voltages are measured. A
simulated measurement to find R, using the set up of Figure 7.9 gave the curve

shown in Figure 7.10.

.1'

Fig. 7.9 Set up for measuring R, (|z,| at L.f.)
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150
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o DB(V(556) / 1I(vallll))
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Fig. 7.10 Collector output impedance (Q2) of the long-tailed pair of Figure 7.9

From Figure 7.10, R, =163KQ and C,,, (output capacitance of Q2)= 78.5fF .
A similar measurement for R, gave R, = 567KQ and C,s = 40fF.

For the base of Qs, R =3.13MQ and Cqos = 33fF.

Thus the total capacitance at the base of Qs for C, = 0.35pF in Figure 7.7 is,

C; =0.501pF
and,

R, =123.7KQ

Also from simulation.

G, =0978
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Consequently, substituting values in (7.20),

[L.G.(0) = 2345

in good agreement with the simulated figure of 2360.

The calculated -3dB frequency for [L.GJ is fc,

fc = L =2.569MHz (7.21)
27-123.7KQ - 0.501pF

The simulated value was 2.580MHz, a good agreement with the calculated value.
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The final circuit, incorporating the compensation capacitor, C,, is shown in

Figure 7.11.
- —D
JJ Vce
W
Qz0”i— Wcm
Q23
021} 41#%

i
|

%m _ Vo

au —t{‘” J —Han

e i

=5V ; I=ImA

Fig. 7.11 Full circuit of VF/C (including the compensation capacitor) Ve = Vig
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7.5 DC conditions of the VF/C

The simulated transfer characteristic of the VF/C circuit, shown in
Figure 7.12, has good linearity and unity slope, a consequence of the overall feedback
[7-5]. The enlarged plot of Figure 7.12 in the vicinity of the origin, shown in Figure
7.13, confirms the existence of a very small offset voltage, for reasons described

earlier in Section 7.2.

Figure 7.14 shows a linear range extending from -3V to +2V. Theoretically, the

linear input range is,
(Voo —4Vgg)> Vi > «(Vieg —3Vaz)

This confirms the simulated figures if we substitute Voo = Vg =5V and
Ve =0.75V . The slope of the characteristics in this region is indicative of the high
incremental input resistance. The slope variation with temperature is due to the

temperature dependence of 3, By

4.0V

ov T i

2.0v

1.0V ; i ;
SR e S O S () T e ] (RS A | | ;\& b e

(2.6027,¢.5978)
-

. s T 7 7
Temp 100°C — |} —4——— %.._ } 11
- - 1

Py —

-1.0v ov 1.0v 2.0v 3.0V

Vinl

Fig. 7.12 Simulated transfer characteristic for circuit of Figure 7.11 Ve =5Vi 1, =ImA;R; =
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W”"_:"‘v' e T Temp 20°C P C
350uv

\ (0.040, 228. 2184
3000V - a

250uv = : \ ‘
V. g e [SNNNSEN) NSNS WSSSEN [SEMSSS) WS . i i § i
- i ‘,f" E N i

200uv .
) : i
— X i ; Temp 100 °C
150uv : \ ‘ j
i oy i e T ‘ T (0%0p0, 214359 | R |
100uv j = .
50uv ;
T ——t ] i ! ' : '
=200uv -160uv =120uv -80uv -40uv -0uv 40uv 80uv 120uv 160uv  200uv
e v V(1)
Vinl
Fig. 7.13 Expanded view of the transfer characteristic in the vicinity of the origin
2.0uA
(0.000,-91.7420) |
1.0ua i ‘ ’/ i
! { i/ Temp-20°C
(0.000,-134.3913)
s TS, R R O T e / | = i
0 /
Temp27°C T Temp 100 °C g
0..000,1190.078n) g ;
-2.0ua - =
-4.0v -3.0v =2.0v -1.0v o 1.0v 2.0V 3.0v 4.0v
o e v IB(Q111)- IB(Q112)
Vinl

Fig. 7.14 Input characteristic of the circuit of Figure 7.11 for Ve = Vg =5V, =ImA;R| =
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The quiescent power dissipation of the circuit is,

Py = (Vee + Vg )J1gm (7.22)

For Voo =V =5V, I, =ImA and n=5, at 27°C,

P, =(5V+5V)-ImA-5=50mW

Table 7.1 shows the quiescent power dissipation produced from the simulation
of the circuit at three different operating temperatures. Good agreement is shown for

the calculated value at 27°C.

Quiescent power dissipation Po (mW)

Operating temperature (°C) -20 27 100

Table 7.1 Quiescent power dissipation of the circuit
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7.6 Small-signal voltage-gain of the VF/C

Figure 7.15 shows the frequency response of the VF/C circuit. Compared to
the VFs considered in the previous chapters, the VF/C presents considerably reduced
peaking, due to the feedback loop and the stability that the negative feedback offers.
The bandwidth of the circuit is slightly reduced due to the compensation capacitor
used for the stability of the circuit. Simulation shows that the reduction in bandwidth

is in the range of 7-10%, depending on the output load.

20 7 o

(3.0834G,-2.9699) no load

|GlaB)

A

(1{1137G,-2.9

-20 ' j : -+ : , /
| i (1.0000M, -1.6052m) i /

] i [ (1.36p0G,-2.9834

-40 : | ' : - 7
i i i 10pF load

ol

1.0Hz 10Hz 100Kz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz 10GHz
e DB(V(811) / V(10)) o DB(V(11) / V(10)) v DB(V(911) / V(10))
Frequency

Fig. 7.15 Frequency response for the small-signal gain |G|
of the VF/C with different loads
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7.7 Incremental input impedance of the VF/C

The incremental input impedance as a function of frequency is shown in
Figure 7.16. Spot values are shown in Table 7.2. The high input impedance results

from the bootstrapping of the collector of Q,.

150
140 //
X - s L IEKGond N3 . PN ) N o ]
i (1.0090K,144.525) f SKQ load
1204 ; : AN

£ [ | | :
[Z.| | 1.0000K, 144.192) :
A e e [ 4 \ ’ ‘ :»
i (1.0G00K, 14p.972) ! \

100 j ; | | h

)
0d -
— 7
2 R B e o S B R T s e e M e s T
@ | \ | |
: ‘ e - f }
-100d / :
7 i
o AN S N N N (SR (R W T T T T T T e
e i
. S EOEL (e [ORR R L T e e S L e s Ty
-200d i H
1.0Hz 10Hz 1008z 1.0KHz 10Kiz 100KHz 1.0MHz 10MHz 100MHz  1.0GHz
8 (Vp(310) - Ip(Val00))
Frequency

Fig. 7.16 Bode plots for |z,,|for Vi = Ve =5V and I =ImA for several loads and input phase
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Conditions ]Zinl (2)
Operating
Bruneco | TR ] ) Y

f=312.5KHz 102M | 15.5M | 259M | 9.8M 15.IM | 25.3M
f=31.25MHz 309K 401K 552K 307K 398K 549K

f= 250MHz 38.6K 49.3K 66.5K 38.4K 49.2K 66.4K

Output load Ry = R =5KQ

Table 7.2  |Z;,| of the VF with R; = and R =5KQ, asa function of fand T
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7.8 Incremental output impedance of the VF/C

The approach presented here, to calculate the incremental output impedance of

the circuit, is based on a general property of linear voltage amplifier circuits, as

described earlier in Chapter 5, and characterised by equation (5.20). If the output is
incrementally short-circuited, V, =0 and i, = igc .

Hence,

By inspection in Figure 7.11, looking into the base of Qs, the incremental resistance

is,
+r
Rps =rIxs + s +{(ﬁs +1{(IX;2L7)// rosﬂ (7.24)

where ry, with appropriate second subscript, represents the transistor base bulk

resistance.

Although the current gain 8 of the transistor models used throughout this
research was investigated in Chapter 3, it has been identified that an extra
measurement of this parameter, under new operating conditions, was necessary. The

reason was the reduced V.. across transistor Qs which, in this circuit is equal to

Vee = Vggr #4.2V rather than the 5V of Chapter 3. Following the same

measurement technique described there, the current gain of Qs came to 44.4.

Substituting in (7.24), using data from Chapter 3, and for rys = 260Q , s =1146Q ,
Rgs =~ 34KQ
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R
_8nVs  Rw 6015maA (7.25)

ips =
2 R, +Rg;

where R, was defined in (7.13).

Consequently,

Vg Vs
T, === z31.3mQ
- isc  ips(Bs +1)B; +1)

Figure 7.17 shows |7, and £Z, as a function of frequency for three different

operating temperatures. Spot values for |Z,| as a function of f and T are shown in

Table 7.3. The difference between theoretical and simulated value is partly accounted

for the extra components of iy that have been ignored. These are the current flowing

to the collector of Qi and the current reaching the output via the base of Q1 and Q2.

18+
ol (100.000,426.094) | i J
g . T -
) i Temp -20°C
1z,| 9 + N Temp 27 °C
) \ (100§ 000, -28. 741 \ 4 5 a
@@ ] ‘ Temp 100 °C
-184 i \ / (10000, -30. 658) \ / ; |
=217 -
= -
-36 l

@ e vdb(V(310) / I(Val00))

135d : T r
il 5 e = = - Temp 100 °C——
£Z,, 90d4
() s e VOSNS SN [ SN (A , R S o
45d
— — =P T e LS (P L Temp -20 °C
SEL>>
0d !
1.0Hz 108z 100Kz 1.0KHz 10KHz 100KHz 1. 0MHz 10MHz 100MHz  1.0GHz
@ ¢ v Vp(310) - Ip(val0o0) +360

Frequency

Fig. 7.17 Magnitude (upper curve) and phase (lower curve) for Z

7-27
Mr. Nikolaos Charalampidis

Chapter 7



Novel approaches in voltage-follower design OXFORD
BROOKES
UNIVERSITY
Conditions z,| (@)
Operating
temperature (°C) | '_20 ______________ 27_ _____ N 10_0 _______

f=312.5KHz 49m 36m 29m

f=31.25MHz 130m 131m 133m

f= 250MHz 923m 990m 1130m

Table 7.3 |ZO| of the VF as a function of fand T

As mentioned previously in connection with emitter-follower outputs, Z is

inductive at high frequencies.

Mr. Nikolaos Charalampidis
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7.9 Total harmonic distortion and intermodulation distortion of the

VF/C

Tables 7.4, 7.5 and 7.6 show, respectively, THD under specified
conditions at 312.5KHz, 31.25MHz and 250MHz. The performance of the circuit at
higher frequencies was poorer than the VFB/I and VFB/2 mainly due to the
compensation capacitor and the collector current of the output transistor. Table 7.7
shows the IMD performance results for the VF/C, as a function of operating

frequency and temperature.

Conditions THD (dB)
Operatin gotemperature 20° 27 100
Sl NERN e LER iR s e i
Z, =5KQ -90.8 -90.9 -90.9
7, =5KQ//5pF -78.4 -80.9 -79.6
Table 7.4 THD at 312.5KHz
Conditions THD (dB)
O ing
peralmg,olemperature 20° 27 100
b GIRNG. S e Bae T SRR [ A 3
Z, =5K02 -74.5 -72.4 -70.8
Z, =5KQ//5pF -60.9 -60.7 -59.2

Table 7.5 THD at 31.25MHz
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Conditions THD (dB)
Operating tem t
oy oy 20° 27 100
(°C)
Z, =5KQ -53.5 -54.2 -54.7
Z, =5KQ//5pF -49.8 -52.4 -51.1
Table 7.6 THD at 250MHz
Conditions IMD (dB)
O ti
1 pera 1ngotemperature 20° 27 100
S5 R MEC S O e B ~
f=312.5KHz -104.9 -108.5 -110.1
f=31.25MHz -87.1 -87.5 -88.9
f= 250MHz -53.7 -54.3 -61.2
Table 7.7 IMD results for VF/C as a function of fand T.
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7.10 Noise performance of the VF/C

The noise performance of the VF/C is shown in Figure 7.18. This is in the

same region as the VF designs presented in Chapter 5 and Chapter 6.

10nv

V) i i i
4 ' ) | / \
__._.__‘ i 1 i 2 N e fre——— 7 2
(1.J0000K,6. 4642p) Temp -20 °C
(1.0040K, 5. $925n)
4nV: - i
1.0Hz 10Hz 1008z 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz  1.0GHz

8 ¢ v V(INOISE)
Frequency

Fig. 7.18 Input noise of the circuit
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Figures 7.19 and 7.20 show the waveforms when a positive going input pulse

of amplitude 0.5V and rise and fall times of 1nS and 0.1nS, respectively, is applied.

These are understandable in the light of the discussion of emitter-follower pulse

response presented in Chapter 4.

800mv I
— -3 — | Input pulse - - L B
600mv /
400mv / / : i
(153033, ). 000) |

/

200mv
= i i ‘,li'ﬂinl&;,‘:éfm[_, _ 5KQ load 1} 2 £ S =T 4 Sty Bt |
ov l
1pF load
R Sl N i G R B T— T 1 SpF load 7% ) B
~200mv. 4 1[
6. Oma - - T i T T
— IA\: collector current (Q7)+(Q8) — — For 5pF load
4.0ma g T // - | BN ¢ 1
2. O A - HAA AL
Tl N Ll - 1 | LY
55’-0” EPEY SERFiRYEL ) L
i :
u 1C(Q98) +1C (Q988)
OAT—— . - - A
-1. Ok / i i ‘ _ A _a y Em—
=2.0mA e - - - —n ,‘ ’ 1 T 1 T 1
3. omad— (% 28040, 11 1456m) 4 /\ [ 11 __ For 5pF load _
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-4, 0mA - .
o 1C(099)
5. OmAT—— : :
) Pl A i capacitor current P .
2.5m : o — -
0A ! | V = i _\V A .
2. SmAd—— -\ ‘ { Ll / A
(9.5884, 5234 252f) Vv ‘ i
-5.0mA !
9ns 10ns 11ns 12ns 13ns ldns 15ns 16ns 17ns 18ns
o I(Cloady)
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Fig. 7.19 Pulse response for an input signal with InS rise and fall times
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Fig. 7.20 Pulse response for an input signal with 0.1nS rise and fall times
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7.12 A comparison of the VF designs

The analysis and simulation of the conventional and the proposed circuits in
the same way gives the reader the advantage of comparing their performance
parameters and deciding which of the proposed designs is most suitable for the
application. This section presents a comparative assessment of the most important
parameters of the voltage-followers investigated. Choosing the best voltage-follower
is subject to trade-offs between power consumption, distortion, impedance levels,
bandwidth etc. Consequently, as an example, the Type B (VFB/2) voltage-follower
of Chapter 6 presents low distortion at high frequencies, high voltage swing and
bandwidth and requires less silicon area due to the six-transistor core. Nevertheless,
its power dissipation is 63% higher than the Type A (‘Super-follower’) of Chapter 5,
its output impedance is sixty times bigger than the Type C (VF/C) follower with
global feedback of Chapter 7, while its input impedance is more than four times

smaller than that of the Type B (VFB/1), the first proposed circuit of Chapter 6.

Tables 7.8 and 7.9 show, respectively, the comparison of THD and IMD
results for the conventional and the new VFs as a function of operating frequency at
room temperature. Figures 7.21, 7.22 and 7.23 show the same comparison

graphically.
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Total Harmonic Distortion (THD) at 27°C (dB)
Configuration Conv. EF VF/A VFB/1 VFB/2 VF/C
e ssxE: |00 1 1
-72.5 -93.9 -91.2 -89.9 -90.9
Z; =5KQ
Z, =5KQ//5pF -64.5 -89.2 -86.8 -79.9 -80.9
f=31.25MHz
-71.9 -75.6 -72.7 -86.8 -72.4
ZL = SKQ
Zy = S5KQ//SpF -52.7 -84.4 -75.8 -63.9 -60.7
f= 250MHz
-42.7 -57.4 -67 -70.8 -54.2
= 5K0O
£, =5KQ//5pF 352 477 70 62 524
Table 7.8 Comparison of THD results for the conventional and the proposed VFs as a function of
frequency at 27°C for two different loads
Intermodulation Distortion (IMD) at 27°C (dB)
Configuration Conv. EF VF/A VEB/1 VFB/2 VF/C
f=312.5KHz L
-52 -93.¢ -64.4 -87.6 -108.5
Z, =5KQ 52.1 93.9 64
f=31.25MHz
-54.6 =75 -67.3 -84.4 -88.9
ZL == SKQ 546 73.() ()7.
f= 250MHz
483 -5 -61.3 -66 -61.2
Z, =5KQ 48.3 574 61

Table 7.9 Comparison of IMD results for the conventional and the proposed VFs

as a function of frequency at 27°C

Mr. Nikolaos Charalampidis
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| 312.5KHz frequencies 31.25MHz 250MHz
i 01—
It 20
|
| |
" -40
w0
|
| |
\
-80 - = —— ——— R [
: Conventional EF |
{ Type A follower ‘
THD(dB) Type B VFB/1 follower
‘ 1 | % Type B VFBI2 follower ‘
! -100 [Type C follower
Fig. 7.21 Comparison of THD results for the conventional and the proposed VFs
as a function of frequency at 27°C for resistive load (5KQ)
| 312.5KHz frequencies 31.25MHz 250MHz
‘ 0
i ‘
| |
~ 20 f
|
‘ -40 -
| 80 -
\ [
\
\
| -80 - ‘
‘ Conventional EF 1 “
| B4 Type A follower ‘
THD(B) Type B VFB/1 follower |
‘ | | % Type B VFB/2 follower ‘
| -100 : [ Type C follower =i
Fig. 7.22 Comparison of THD results for the conventional and the proposed VFs
as a function of frequency at 27°C for resistive/capacitive load (5K€V/5pF)
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| % Type B VFB/2 follower |
e | ~ [@yeCrolower

Fig. 7.23 Comparison of IMD results for the conventional and the proposed VFs

as a function of frequency at 27°C

OXFORD

BROOKES

UNIVERSITY

For comparative assessment the input and output impedance of the new VFs

tabulated and shown in Tables 7.10 and 7.11 respectively. In addition, Figures 7.24

and 7.25 show, respectively, their comparison graphically.

Input Impedance at 27°C(£2)

Configuration _VF/A VFB/1 ) _YF]E,/z__ _—VF_/C__
f=312.5KHz 12.8M 2.94M 637K 15.5M
f=31.25MHz 419K 181K 63.7K 401K
f= 250MHz 12.6K 6.5K 8K 49.3K

Table 7.10 |7, | for all types of VFs as a function of frequency at room temperature
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17.5M
)
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15.0M N i
N ven
12.5K N =
10. 0N
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\
VFB/I
> ‘VFB/Z
0
1.0Hz 108z 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz
8 V(310) / 1(Val00
Frequency
Fig. 7.24 Graphical comparison of |Z,| for all types of VFs
as a function of frequency at room temperature
Output Impedance at 27°C (£2)
Configuration VF/A VFB/1 VFB/2 VF/C
f=312.5KHz 26 10.8 24 0.036
f=31.25MHz 26 10.8 2.5 0.131
f= 250MHz 25.6 12.2 5.3 0.99
Table 7.11 |Zo[ for all types of VFs as a function of frequency at room temperature
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Fig. 7.25 Graphical comparison of }ZOJ for all types of VFs

as a function of frequency at room temperature
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A summary of the key performance parameters of all four VF designs is

shown in Table 7.12.

Parameters at 27°C

Configuration VF/A VFI_B/I ________ YF_B/2__ __VFKC__
Power supply +5V +3.3V . dd
Power dissipation 34.6mW 53.6mW 55.4mW 52.6mW

5V -3.2V to
Output voltage swing +2V £2V 4.5 +2.6V
Oﬁ'set voltage 64“\/ 5.16mV 3.07mV 228].1\/
Slew rate 4250V/us 4810V/ps 4950V /us 2015V/us
Small-signal s 2 ORGLT
bandwidthg(-SdB) 2.7GHz 2.2GHz 3.12GHz 3.08GHz
(SKQ Load)
Small-signal s =
bandwidth (-3dB) 1.3GHz 1.4GHz 1.58GHz 1.36GHz
(SpF Load)
Gain-flat to within 330MHz 280MHz 728MHz 184MHz
0.1dB (5KQ Load) 1 ‘
Gain-flat to within 163MHz 125MHz 184MHz 171MHz
0.1dB (5pF Load) ‘
Input-Referred . s V2/H
vgltage noise 3.94nV?*Hz | 7.34nV?*/Hz | 5.56nV?*/Hz [ 6.46nV*/Hz
(f<10MHz)
Input offset 1.63pA 1.761A 558nA 134nA
current
No of devices used 20 12 6 10
(core) r
Table 7.12 Performance parameters of all four new VF designs
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Table 7.13 shows the performance parameters that met the specifications set in the

beginning of this work for each new circuit.

Configuration VF/A VFB/1 VFB/2 VF/C
[Vec| <5 v v 4 g
x X X
Py <35mW v (53.6mW) (55.4mW) (52.6mW)
! X X 4
|Zi| > SMQ for £ - 0 v (2.96MQ) (642KQ)
|Zo| <10Q for £ - 0 X v o A
(2692)
VS(min) = 2VP—P ‘/ ‘/ ‘/ ‘/
IGI =(1- 8), where € < 0.1 up 7 "y v v
to 250MHz
THD < -80dBat SMHz v v v v
X v X
THD <-60B at2somHz [ X v (-54.24B)
IMD < -55dB at 250MHz v v v ¥

Table 7.13 Performance parameters met by each new VF
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7.13 Summary for Chapter 7

This chapter has presented a voltage-follower different from those considered
in the two previous chapters, Chapter 5 and Chapter 6. In this chapter overall
feedback is used in addition to local feedback. This is lay to a number of
improvements in the VF performance, notably with respect to input and output
impedance, offset voltage and pulse response. However these improvements have,
only, been incurred of an added capacitor to ensure Nyquist stability. In addition, this
chapter has presented a comparative assessment of the most important parameters of
the VFs investigated. According to that, choosing the best voltage-follower is subject

to trade-offs.
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AP7.1 Analysis of incremental input resistance of circuit of Figure 7.2

AP7.2 Analysis of incremental output resistance of circuit of Figure 7.2
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Appendix AP7.1

Analysis of incremental input resistance of circuit of Figure 7.2

Figure A7.1 shows the equivalent impedance seen at the input of the circuit.

IlR0 =

Figure A7.1 Input impedance of the long-tailed pair

By inspection,

V()
Vs(l ~ VJ
j=Ye—Vo : (A7.1)
s 2r, 2r,
Thus, the input impedance is,
“Rin=teo Yoo (lzfnG ) (A72)
AR TR R Y
V, V,
For Op-Amp asa V.F.,
- A (A7.3)
(1+A)
Thus,
(1-G)=|1- A |- 1 (A7.4)
(1+A)] (1+A)
Consequently, the input impedance is,
Rin=(1+A)-2r, ~A-2r, (A7.3)
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Appendix AP7.2

Analysis of incremental output resistance of circuit of Figure 7.2

The analysis of the output impedance can be carried out using the equivalent

circuit in Figure A7.2, which represents the output transistor Q3 of Figure 7.2.

Figure A7.2 Equivalent circuit for the calculation of Z,

If the output voltage decreases by V, . then the voltage at the collector of Q2 increases

by,
v, §7£Rx (A7.6)
The base current of Qs is,
(g—me + 1]v0
AP RN, S (A7.7)
L BETE
Thus,
®, + 1{5"1 R, +1Jv0
gl 2 (A7.8)

4 Ry +r)

Thus, the output resistance is,

~

_(B,,H(g—z“‘—RxH) (gzﬁR*“)~ (A+1)
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Conclusions and future work

8.1 Conclusions

8.2 Future work

References for Chapter 8
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8.1 Conclusions

The field of RF circuit design is currently going through a massive
development mainly due to the exponential growth of wireless applications. The
overall system performance is very much dependent on the high frequency front-end
component characteristics which generally set the performance limits of the
system [8-1]. Maintaining low distortion levels at higher frequencies is critical for it
sustains the quality, the dynamic range and signal-to-noise ratio of the design.
Environmental factors, including thermal effects, need to be taken into account in

circuit and system design to ensure the design meets the specification under all

operating conditions.

In a similar manner, several other factors such as power consumption, signal
gain, input and output impedance need to be investigated as these contribute equally
in developing a clear statement of the design requirements, before proceeding with
detailed design. Additionally, detailed research of the market and literature also needs
to be carried out, to investigate what is currently available and the latest techniques
used. With this information the limitations and deficiencies of existing designs can be

evaluated in the light of design requirements for a particular application.

The above procedure has been followed throughout the course of this work.
The objectives of the project were defined in Chapter 2, afier a short presentation of
the ideal voltage-follower design and its practical limitations. Three different possible

approaches to achieve the stated goals have been identified, concerning the bias
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current and the type of feedback that has been used. Finally, some application

examples demonstrate the reason why a high performance design is necessary and

how it can improve the overall performance of the system.

In Chapter 3 the author follows an investigation on the transistor models used
throughout the research, as well as a review on the current bias schemes used to
support the operation of the conventional and proposed voltage-follower designs. In
the beginning of this project thorough investigation was carried out on transistor
models. An appropriate transistor technology is required for the designs that has a
sufficiently high operating frequency, complementary devices with similar
characteristics and ready availability. During the investigation of any circuit in this
project, prior to simulation being carried out, a detailed theoretical analysis was
undertaken. During the early stages in this research simulation results did not always
match the small-signal analysis results. It became clear that more precise small-signal
parameter extraction needed to be undertaken. Consequently, in Chapter 3 several
different methods are described to obtain better values of the transistor parameters at

the appropriate operating bias voltage and current levels. These include using the AC
and DC current gain for B, the Early-Voltage, V,, for I, the frequency response to

obtain transistor cut-off frequency f;, and the collector-base internal capacitance.

This investigation proved useful as it gave values for the transistor parameters
different from those listed by the manufacture. On re-working the analysis there was
much closer correlation between the simulation and analytical results obtained,
confirming the validity of this work. In the same chapter a critical review of current

biasing techniques using current-mirrors has been carried out, heading to the scheme

adopted for the biasing of both the conventional and proposed designs. The
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current-mirror chosen, not only improved the current transfer ratio, A, but also offered

higher output impedance, well above conventional mirrors such as the Wilson and the

cascoded buffered current-mirror, justifying why it was chosen for biasing circuitry.

Although the following chapter, Chapter 4, concerns the conventional emitter-
follower, the author treats it critically and considers some of this work to be novel. In
this chapter, a thorough and detailed analysis and review of the conventional emitter-
follower is undertaken to evaluate the circuit performance and reveal its limitations
using both DC and AC analysis. According to the author, the treatment presented
here is well beyond that given in textbooks, and makes a considered original
contribution to the design and development of voltage-followers. Chapter 4 ‘sets a
bench-mark’ in both analysis and presentation for the next three chapters, all of which
have the same outline and style. Consequently, the reader can appreciate the relative
superiority of the proposed circuits over conventional designs. Also, this approach
simplifies the decision process in selecting the most suitable of the proposed designs

for a particular application, according to the trade-offs of each.

Chapter 5 presents a novel voltage-follower based on the input stage of the
current feedback operational amplifier, which is known as the ‘Diamond’ circuit.
This circuit was part of the first category of circuits investigated in this project, the
voltage-followers with local feedback and single-valued current biasing. The initial
circuit has been thoroughly analysed theoretically, it has been simulated according to
the benchmark set in the previous chapter, and several ways of improving its

performance have been identified. Progressive modifications of the circuit have been
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described which significantly improved almost every performance parameter. This

novel circuit has been reported by the author in the technical literature [8-2], [8-3].

In Chapter 6, two novel voltage-follower circuits with local feedback and
double-valued current biasing have been presented. In common with the majority of
the voltage-follower designs reported in this thesis, both are complementary designs,
exhibit good load drive capability for positive or negative-going input signals, and
low distortion is achieved. The theoretical analysis, the simulation and the transistor
models used were identical to those used on circuits of the previous chapters, enabling
convenient relative performance comparison between the circuits to be made. Most
of the performance parameters of both new designs in this chapter are better than the
voltage-follower described in Chapter 5, except for slightly higher power
consumption and reduced input impedance. The work has been presented in IEEE

proceedings [8-4], [8-5], [8-6] and [8-7].

Chapter 7 considers the voltage-follower using global feedback. A novel
circuit has been designed and analysed, presenting merits and demerits of the
technique. In general, the use of negative feedback can provide several advantages in
a circuit, such as smaller output and higher input impedance as well as gain control,
which are desirable parameters when designing voltage-followers. However, it has
been shown that using negative feedback globally, can cause serious operating
problems particularly in respect of instability and oscillation, mainly at high
frequencies. In addition, this chapter has presented a comparative assessment of the
most important parameters of the VFs investigated in this work. The assessment
clearly stated that the best voltage-follower is subject to trade-offs.
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8.2 Future work

Throughout this research on voltage-followers it emerged that the internal
capacitances of the transistor significantly influenced the distortion of the signal at
high frequencies. It has been found that these capacitances limit the slew-rate of the
circuit and also affect its input impedance. On the other hand, the non-zero input
current of a BJT limits the maximum input impedance that can be achieved in a
voltage-follower configuration. Although the author’s work, reported here,
demonstrates that the conventional bipolar voltage-follower can be improved in
performance, this has generally been achieved at the expense of increasing power
consumption and also increasing power supply voltage requirements, due to use of

additional devices with their necessary base-emitter voltage drops.

These reasons suggest that future developments should be undertaken using a
different high frequency-transistor technology. A suitable contender would be
SiGe/BiCMOS, which offers increased operating bandwidth with reduced supply
voltage demands, combining the high-performance heterojunction bipolar transistors
(HBTs) with state-of-the-art CMOS technology [8-8]. Although the manufacturing
process is more complicated, the combination of both technologies require smaller

silicon area circuits, extending their applicability.
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