


CUSTOM LINEAR INTEGRATED CIRCUIT DESIGN TECHNIQUES
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1. INTRODUCTION

A custom VLSI circuit is described which contains a number of
Circuits which are representative of typical building block
functions encountered in linear systems. It will be shown how
a system containing a considerable number of discrete
standard off-the-shelf ICs can be realized in a single chip by
using certain design techinques to simplify the circuit, in some
cases to economize on silicon area, and to overcome problems
and limitations in processing the signal by conventional means,
Emphasis will be placed on the circuit description rather than
on system understanding for more general applicability to
circuit designs for other systems. :

Criteria for justification of customn IC design are packaging
(space saving), cost effectiveness, performance and reliability,
and these features are discussed in the following section.

2. SYSTEM OUTLINE

Figure 1 shows the elements in the discrete system design in,
which a differential signal is received from a servo magnetic
head pre-amplifier and gain-multiplied through a wide band
amplifier, filter and AGC block. Sequential pulses are gated
and peak detected on four peak hold capacitors which will
track the changing amplitude of each channel, A to D. The
voltages on the peak hold outputs are summed and averaged to
control the gain of the AGC amplifier to give a constant
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It can be seen that this System uses the equivalent of fourteen
discrete ICs plus a complex discrete transistor circuit for
gating and peak detection. In addition, other features in the

objectives are realized, especially if assembly and part ordering
Costs are considered. Reliability follows from reduced parts
count and less soldered joints, provided the IC is designed
carefully! In an integrated approach, certain performance
advantages can be obtained in terms of minimizing setting up
adjustments, signal processing speed and having tailor-made
parameters designed to match the system requirements.

The initial challenges from a design point of view were
contained in the realization of the very fast peak detectors and
wide band high slew rate of the Servo carrier signal, which in
the discrete design uses an amplifier with a dielectric isolation
process. A different method was used in the custom design. to
achieve the signal multiplexinﬁz which is done by switching
voltages in the discrete design. The custom design converts the
voltages to currents which are then switched and subtracted to
give the difference signals.
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FIGURE 1. SERVO SYSTEM FUNCTIONAL SCHEMATIC
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FIGURE 2. SIMPLIFIED FUNCTIONAL SCHEMATIC OF CUSTOM 1.C,

3, CIRCUIT DESIGN
3.1. General

The features of integrated circuit design make use of the
inherent close matching of transistors and resistor ratios,
consequently an IC circuitry looks completely different from
discrete circuit design. Limitations occur in the maximum
current handling properties of transistors, NPNs of minimum
geometry being limited to the order of 1 ma and PNPs of
minimum geometry having a maximum current of 100 ua
before current gain (8) degradation sets in. In addition, PNPs
have a much reduced operating frequency limit (ft) compared

to NPNs. Consideration must be paid to the wide tolerance of
resistors (generally +20%) and the optimum values from the
point of view of layout. As a general guideline, values of less
than 100 ohms and greater than 10K tend to use an undesirable
amount of silicon, although this requires some judgment and
tradeoff. Also, it is possible to integrate NPNs which can
handle more than one ampere, at the cost of silicon area and
power dissipation. The IC is designed to operate at nominal
supply voltages of +5V Vcc and -5V VEE. The appendix

contains a review of some useful equations and terms used in
linear IC design.

3.2, Wide-Band Amplifier

The wide-band amplifier (Figure 3) is a two stage differential
amplifier designed 1o deliver a maximum 2V peak differential
output signal at 10 MHZ with minimum distortion. The values
of R3, R4 are limited to 2K to reduce the effect of parasitic
capacitances on the frequency response at Q9, Q10 collectors.
The operating d.c. voltage level of 2.5V is set by constant
current sources I“, 15 of value 1.25ma to enable a 1V peak

voltage swing on the outputs. The gain of the stage is set by

apﬁ;’oximately (R3 + Rk)/Ré. To keep distortion at a minimum,

it is necessary that the input signal to the stage across the
bases of the differential pair Q7, Q8 appears across the emitter
degeneration resistor R6 with minimum modulation of the
emitter-base voltages of Q7, Q8. It can be seen that the
quiescent current through Q7, Q8 changes only +0.5ma in
1.25ma at full signal swing. A simple way of predicting gain
change with signal level of a differential amplifier is shown
with reference to Figure 4, where rey and re represent the
small signal dynamic emitter resistances of Ql and Q2, which
at balance are equal. Now fe] = VT/l], where Vo = 26mv at

room temperature. Thus at balance, the total emitter
resistance which is o] * RE + Iop Will be 941 ohms for the

second stage in question. This will change to 950 ohms at
maximum signal when the current through QI is 1.25ma and the
current through Q2 is 0.75ma. Thus the gain change of the
amplifier is only 0.9% with maximum signal. The function of
Q9 and QIO cascode transistors in Figure 3 is to isolate the
effect of the collector-base junction capacitance of the input
differential pair Q7, Q8 from the output. Otherwise, the
junction capacitance will be multiplied by the voltage gain of
the stage. Cascode transistors Q9, Q10 do not affect the gain
of the stage because the output collector current is effectively
equal to the input emitter current.

D.C. level shift between the first and second stages is
accomplished through Q5, D!, D2, D3 and Q6, D4, D5, Dé which
are supplied by constant current sources I3 and 16, High input
impedence transistors Q5 and Q6 provide minimum loading for
the output of the first stage, which is similar design to the
second stage, The overall voltage gain of the amplifier is 20.
RBI, RB2 provide the base current path for Ql, Q2 and.
effectively set the input impedence of the amplifier as the
impedence across QI, Q2 is R5 multiplied by the current gain
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(IC/IB.\of the transistor. Output transistors Ql1, Q12 provide

low output impedence equal to R3 divided by the transistor
current gain.

WIOEBAND ANPLIFIER
FIGURE 3.

33. A.G.C. Amplifier

The input signal of maximum value 0.2V peak to the A.G.C.
amplifier shown in Figure 5 is buffered by high impedence
unity gain amplifiers Ql, Q2, Q3 and Q4, Q5, Q6 such that the
input signal appears across Rl and R2 with minimum loss. The
differential current across R1, R2 will be transferred through
Q3. Q8 to diodes D1, D2. The diode D3 will have constant
current 13 through it and will therefore have no A.C. signal
across it. From the basic diode equation, the voltage differen-
tial across D1, D2 which is applied across differential pair Q7
and QS, will result in the current through Q9 being modulated
by the same amount as I3. The resulting signal will appear
across R3, R4. The resulting gain will thus be R3.16/R1.I3.
Ihe advantage of this type of stage, known as a Gilbert Cell
(. 1s that the signal levels across the diodes are kept small,
1> minimize distortion. Another way of looking at this is to
Sy that the load impedence of the first stage (diodes D1, D2)
s an inverse function of I3 and the 8m of the second stage is a

function of the current through Q9 (IQ9). The g of the first
v

stage being R1 + R2, its voltage gain is f} * & i 3 The

Valtage gain of the second stage is (R3 + R4) 1q9/V resulting
n the overall gain given above.
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FIGURE 4

Thus the gain is controlled by changing the current through Q9,
by means of applying a differential voltage across Q9, QI0.
The d.c. level on R3, R4 is maintained constant by means of
Ql1, Q12 splitting Q10 current evenly into R3, R4,

Another stage of amplification is necessary, by a similar circuit
to the input stage, to give a gain of X0 to a single ended
output. :

3.4, Peak Detector

The output voltage of the AGC amplifier is applied to the input
of the peak detector shown in Figure 6. The peak amplitude of
the input voltage is stored on the external capacitor C. The
gate input on Q8 serves to make the differential pair Ql, Q2
active only during the desired period by switching the selected
charging current 11 or 12 to the differential amplifier through
Q6. In the active mode, one third of the charging current will
be diverted to the PNP current mirror Q3, Q4%, Q3 through Q7.
Q3 acts as a current source of value equal to the current
supplied to Q4 collector. If VIN is greater than VOUT’ then Q2

current will be less than Q3 current and the net difference will

go into the current mirror Q9, Q10, Ql1 and be multiplied by
times 20 WQIO. The output current from Q9, Q10 emitters
will charge the capacitor C through Schottky diode D1 until V

becomes equal to VIN‘ At this point, the differential amplifier

will be balanced and Q! and Q2 currents will be equal, and Q3
current will be equal to Q2 current. The charging current
through QL0 will be zero. Note that the capacitor can only
charge quickly in a positive direction because of DI. I3 is a
small discharge current designed to reduce the voltage on C
between gating periods in a certain mode of operation, when
SLOPE input is low with respect to VREF'
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currents as described in the previous section. ~ Some
interesting features of this circuit are contained in‘the output
stage which is all NPN, giving good frequency response. The
biasing is arranged so that at zero volts on the output, Q11 and
Q9 are both in conduction so that a smooth transition is
obtained going from positive to negative output voltages. The
value of the quiescent Ql1, Q9 current at cross-over is
obtained from constant current source Q10, which with no
signal will force Q8 to be of equal value and consequently Q9
to be of the same value.

For negative going output swings, Q7 will drive Q8, Q9 on, and
Ql2 will conduct, turning off Qll. For positive output
voltages, Q7 will turn off, reducing the current from Qs, Q9
collector. The net difference between Q10 constant current
(=200 ua) and Q8 will go into Q11 and be gain multiplied into
the output load.

The op-amp can be considered to be a two stage design, the
input stage up to Q7 base having a gain of g (= Ic’/VlN) of

value determined by Q6 constant current source and the ratio
of the collector areas. The output stage can be considered as
a high gain voltage amplifier. Across the stage there is an
internal compensation capacitor, which is 2 MOS type of value
3pi. The output current of the first stage will be forced
through this capacitance when its impedence is Jess than the
input impedence of Q7. Thus the open loop gain of the
amplifier will be g_/sC which will produce a well defined

6dB/octave roll-off, ensuring unconditional stability under all
feedback conditions. This is provided that there are no other
breakpoints in the open loop frequency response before gm/sC
becomes equal to 1, the frequency point of which determines
the bandwidth of the amplifier.

Q3, Q6, Q5 serves as an active load for the output of the
differential pair Ql, Q2 so that the change in output current
irom QI is reflected in QU, doubling the net output current
change into Q7.

The available output voltage swing will be the supply voltages
Jess 2 (VBE + VSAT)'

3.8 Digitizer

A digitizer circuit is also included in the custom IC for
obtaining a digitized servo carrier output. Block structure of
the digitizer is shown in Figure 10.a which contains two fast
comparators, two cross coupled nor gates and a TTL
compatible output stage. Functional description of the
digitizer is also presented as a table in the same figure.
Simplified circuit schematic is given in Figure 10.b. In this
figure, Ql, Q2 and Q3, Q4 are the differential pairs for

comparator | and comparator 2, in which the non-inverting
input terminal of comparator | is connected to the inverting
input terminal of comparator 2 where the servo carrier signal is
applied. The threshold voltages for the comparators are set as
VP/Z and zero by applying Vp/2 signal to the inverting input
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DIGITIZER BLOCK STRUCTURE
FIGURE Y0.A.

terminal of comparator 1 and connecting the non-inverting
input terminal of comparator 2 to ground. The outputs from
the fothparators are level shifted by Q5, DI and Q6, D2.
Gafe ]| and Gate 2 are realized by Q7, Q8, Q9 and Qll, Q12,
Q13. The base of Q7 and QI3 are kept at a reference voltage
level and the switching is achieved by bringing the base of Q8
(Q11) or Q9 (Q12) B volt above or below around this reference
level. The base of Q8 and Qll are the inputs driven by
comparators while two gates are cross-coupled through the base
of Q9 and QI2, after a level shifting by Q10, D3 and Ql4, D&.
The output stage is driven from the base of Q15. After further
Jevel shifting through R7, the Schottky clamped transistor Q16
is driven. When Q16 is on, a current flows through R9, Q16 and
RS causing Q17 to turn on. At the same time, voliage drop
across R9 keeps Q18 off. When Ql6 is turned off, Q17 turns off
and the base of QI8 goes to supply causing QI8 to turn on.
Thus, a TTL compatible output, which is called digitized servo
carrier output, is cbtained.

3.9. Reference For Current Source Biasing

An interesting method of biasing the constant current sources is
shown in Figure 11. Consider that R5 and R6 have equal
voltages across them {each end sees 2Vgpp 10 VEE) and

consequently, Q6 will have ten times the current that Q8 has.
But a current ratio of 10:1 means for equal area transistors, a
difference of Vpp of 60 mV (at room temperature). This Vpp

will appear across R4 and define the current through Q8 and
consequently through R6. The voltage on Q7 emitter will
Voo (Q6 - GEIR S
therefore be the Vo of Q9 and Q10, plus -
BE R,

The result is that across RS, there is a voltage 69mV . R6/R4Y,
defining the current into Q6 and consequently the currents in
all NPN transistors connected 1o bias line A. These currents
will track with temperature because Vgp increases with

_temperature, as do integrated resistor values.

Q9, Q12 serve to bias the base of Q7 at the correct voitage.



2

LH
1.5x

Qe

7

et

$
1ma ALY

Q8 Q
g%s

98"

+

DIGITIZER
FIGURE 108

PNP current source references with respect to VCC are

obtained from Q6 supplying a constant 0.1ma to Q2 through Q3
cascode transistor, which reduces the voltage on Q6 collector.
Then all PNP current sources connected to bias line "B" can be
referenced to Q2. The base currents of the PNP current
sources are supplied by Ql.

Similarly, the base currents of all NPN current sources
connected to "A" are suppled by Q5.

4. C.A.D.

In a circuit of this complexity, it was necessary to make
extensive use of CAD analysis to verify the circuit operation.
SPICE was used for this purpose and enabled D.C. conditions,
A.C. linear frequency response and transient performance to
be examined. Apart from the inevitable "bugs" inherent in
breadboards, at high frequencies parasitic capacitances
become a limitation. With computer simulation, worst case
tolerancing can be performed. Also, aspects of circuit
parameters, such as currents and high impedence point
voltages, can be more easily examined. However, it is
necessary to have an analytical understanding of the circuit as
the computer will only point out the results of any changes
made in the parameters.

.
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5. PROCESS

The IC has been designed for the STTL20 linear process
developed by the Univac Semiconductor Division at Eagan, This
process is very fast (1 - 2 GHZ), with dual layer metal and sejf-
aligning diffusion layer to minimize diffusion clearances. Base
sheet resistance is 200 ohms. Maximum voltage is 12V.

6. LAYOUT

The IC is designed for a 44 pin D.LL. package and contains 547
transistors. i

Figure 12 shows the relative dimensions of differeht structures,
The PNP (12 a) has split collectors of ratios 3:1 of rather unique
design to maximize collection of emitter current. This device
is good for about 100 ua and is larger in area than the | ma
NPN shown in (12 ¢), The relative emitter areas of the NPNs

shown in lZ(b)/,_a‘nd/lz(c) are 1:10.

It can be seen that the 20K ohm resistor takes up by far the
greatest amount of silicon.

A section of the layout which comprises the peak detector
circuit is shown in Figure 13. .

7. SUMMARY

By combining a limited number of elemental building blocks, a
variety of different circuit functions can be realized in
economical form. In many cases, an op. amp. for example, the
circuitry can be greatly simplified to suit the application,
rather than having to meet a wide variety of general
requirements as would a standard general purpose IC.

3. APPENDIX

A brief recap of the elements of linear design may be in order
to highlight some aspects of the circuits described in this paper.
The relationships given will be correct to a first order of
magnitude.

Basic to linear IC design is the extensive use made of the
fundamental diode equation:

In(lg/15) = qVpE/kT 3.1
where
emitter current

saturation current (very low value)

= electronic charge (1.6 x 1019 ¢)

Boltzmann constant (1.38 x 10723
temperature in degrees Kelvin

1%~y
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= emitter voltage
VBF_ base €

At room temperature, (300°K)
Thermal voltage Vo = 26 mV

This equation is useful because of the matching of the
transistors which will therefore have equal values of
saturation current, lS (for equal emitter area devices). This

term has a fonerature dependence, but it is generally
assumed that devices placed close together on the chip will be
at the same temperature, hence the close attention paid in
Jaying out matched transistors next to each other where
possible.

Taking equation (1) for equal area devices and dividing the
expressions for emitter current, we find:

1
El
Vi.Ln ( /1Ez )= Veer - VaE2 (8.2)

This very interesting expression reveals the fact that a given
difference in base emitter voltage will correspond to a certain
emitter current ratio, independent of the actual currents,
provided of course that they are within the linear operating
range of the transistor. Thus it can be assumed that, for
example, 60mV VBE corresponds to a 10:1 current ratio, and

18mV corresponds to a 2:! ratio, and so on.

Furthermore, because I is proportional to transistor emitter

area, it follows that a transistor with ten times the emitter
area of another one will have a VBE 60 mV less for the same

emitter current, and so on. (15 is ten times larger.)

Referring back to equation (1), and ditferentiating ]E with
respect to VBE’ we obtain an expression for the mutual
conduction (gm) of a transistor:

a) VT
E’' = /IE where ’E is the emitter current (8.3)
d(vBE)
) 1 1~

{a) FNF,
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Thus, a transistor biased at 1 ma will have a g_ of 1/26 mhos,

“o M7 FIGURE 34 PROPERTIES OF TRANSISTOR SIAS CONFIGURATIONS
or an r, of 26 ohms. (re can be regarded as a fictitious :

) COMRON COLLECTOR
resistor in the emitter of a transistor, and is useful in 4) common EMITTER
estimating the voltage gain of a transistor, together with ‘«0
other properties.)

Figure 14 shows some useful relationships for different
configurations of transistor bias. vy

Extensive use is made of transistor matching in current
sources, as shown in Figure 15. Here it can be assumed that
identical transistors with equal base-emitter voltages will Yo/ (I
have equal collector currents. (There will tend to be a second e S LR L
order error due to finite output impedence of the devices.) . 2 .0 (RLere)
jin s ROUT + *\J]“s[.
Inclusion of emitter resistors has the effect of increasing P
output impedence of the current source. tT,

USE: MIGH YOLTAGE GAIN USE: HIGH INPUT/LOW OUTPUT INPEDENCE

. Lo . i CONMON BASE d4) DIFFERENTIAL AMPLIFLER
In the case of PNP transistors, it is possible to ratio the ¢

collector areas, because of the way they are constructed, to

obtain the desired current source ratios from one device. Thus

PNPs can be multi-collector devices, whereas NPNs can be f
multi-emitter. Yo

. I
In practice, the ft where the current gain (8= - falls to s
B

unity, is a function of the current bias level of the device. At It
low currents, ft tends to decrease quite rapidly. Above a

certain maximum current density, the current gain 8 will
decrease from a maximum value and it is desirable not to USE: MWIGH FREQUENCY 1, . ET‘—n'ﬁ

istor in this region. Vo o Ry 1 *
operate a transisto egio o= Rt . b . Vel
Consideration must also be paid to temperature effects, which when 11 T
most notably atfects Vpe, 8 and For ] v
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