Three technologies on one chip

make a broadband ampilifier

Bipolar transistors, an MOS capacitor, and a thin-film resistor combine
to eliminate the bugaboo of emitter-lead inductance; even the
package lead inductance is utilized, as a tee-coil for interstage peaking

by John Addis, Tektronix inc., Beaverton, Ore.

[J The latest in bipolar. thin-film and metal-oxide-semi-
conductor technologies complement each other to pack
a gigahertz-bandwidth, direct-coupled amplifier, with
electronically controllable gain and polarity, onto a
single chip just 40 mils square. The circuit is mounted in
a new high-dissipation package, and uses parasitic lead
inductances and etched-circuit-board capacitances to
provide broad bandwidth and resistive input impedance
at low cost. The nominal gain of 9 decibels provides a
gain-bandwidth product of 2.8 GHz.

Until recently, linear bipolar integrated transistors
were so much slower than their discrete counterparts
that the discrete approach was always used for high-
speed amplifiers. The fastest of such amplifiers still use
discrete devices. This approach, however, is prohibi-
tively expensive where a large number of stages is in-
volved in a high-volume, highly competitive field such
as commercial instrumentation.

Obviously, a fully integrated approach to broad-band
multistage amplifiers would be economically the most
attractive, but it has several technical drawbacks:
® If two or more stages are integrated onto a single
chip, there is no possibility of interstage inductive peak-
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1. Broadband. Basic IC is a cascode amplifier in a Gilbert multiplier
configuration. Because gain-setting resistor and peaking capacitor
are integrated onto chip, emitter lead inductance is minimized, and
bandwidth is greatly increased.
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ing—which can afford a three-fold improvement in
gain-bandwidth product.

® Adjustment of transient response is difficult, if not
impossible.

® The package imposes an unnecessary power limita-
tion on the circuit.

= Circuit yields will be low because of the very tight tol-
erances required to fabricate the fastest transistors.

If a single-integrated-stage approach is taken instead,
another difficulty arises. The lead inductance entering
and leaving the package limits the bandwidth unless it
can also be used for needed interstage peaking. Even so,
inductance in series with the emitter’s gain-setting re-
sistor and the peaking capacitor is the most serious limi-
tation on circuit bandwidth, because of the low imped-
ance level of the emitter circuit. If, however, both the
resistor and capacitor can be integrated onto the IC
chip, this limitation can be removed along with the cost
of a miniature resistor and capacitor. This is the ap-
proach taken here. It has proved high in performance as
well as economical.

The configuration of the circuit (Fig. 1) is that of a
cascode amplifier utilizing one of the Gilbert multiplier

2. Three in one. Bipolar amplifier chip includes MOS capacitor and
stable thin-film Nichrome resistor. Note that input signals applied to
pins 1 and 13 loop through both package and circuit and come out
at pins 14 and 16, respectively.
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The Gilbert multiplier

The Gilbert multiplier shown here exploits the known
| logarithmic voltage-current characteristics of one
semiconductor junction so as to linearize the current
flow in another junction. Transistors Q3 and Q4 may be
considered as being voltage-driven by current-driven |
transistors Q; and Q..

Starting with the equation Vi = (MKT/g)In(le/ls),
where |5 is a characteristic of the transistor, Gilbert!
shows, by summing the voltages around the Q,-Q2
loop, that (Ica/lbl) = (Ic4/|b2) = ('e/lb)- |

When Q; and Q. control two pairs of transistors
which are themselves differentially driven, as in Fig. 1
in the accompanying text, then the over-all stage gain
can be completely controlled by the two bias currents
(s and lp2 of Fig. 1). For example, when the two cur-
rents are equal, signals from Q; and Q2 cancel in the
output, and the gain is zero.

If the currents constitute a push-pull signal source
applied to the control bases (pins 11 and 12 of Fig. 1)
and a voltage applied between Q; and Qz is a second
signal source, the output voltage between pins 5 and
g is the product of the two signals. This circuit is the
basis of most of the multipliers on the market today.

o)

schemes.!. In normal operation, pin 12 (known as a con-
trol base) is connected to current source In1. Inz is zero.
The input is connected between pins 1 and 13, and the
output is taken between pins 5 and 9. Under these con-
ditions, transistors Q4 and Qs and diode Dy are off, and
may be ignored. The resulting configuration is the stan-
dard cascode amplifier, with Q3 and Qg acting as the
common-base output transistors.

If I, is off and Iv is on, signal current from Q) and
Q- flows in Q4 and Qs respectively. The configuration is
still that of the cascode, but the signal polarity is now
reversed. Similarly, if Iy = Ivz, there is exact cancella-
tion of signal currents in the output without any change
in the output common-mode voltage level. It can be
seen that the relation between I,y and Iy determines
the gain in continuous and linear manner according to:

_ _ 2,
¢= G‘"“[l T + Ibz]

The cascode configuration is inherently broad-band
because the signal voltage swing at the collectors of the
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3. Peaking. Tee-coil interstage peaking circuit improves bandwidth
by factor of 2.74 when driving R-C load. Bridging capacitance is
chosen to make Z;, = Ry at all frequencies.

input devices (Q; and Qg) is small. Any impedance in
the collectors of these devices reduces the input imped-
ance at high frequencies because it increases the voltage
swing across the collector-to-base capacitance of the
transistor. Thus, the absence of inductance in the collec-
tor leads of Q1 and Qg is an inherent advantage of the
integrated approach. The Gilbert multiplier of Fig. 1 re-
tains the advantages of the cascode configuration inde-
pendent of gain or polarity control.

Speeding up the transistors

The transistors are biased at a current somewhat be-
low their F, peak and operate at only 2.4 volts collector-
to-emitter to save power. Still, the Fy at this operating
point is 3 gigahertz. To obtain this high F with low base
resistance, the emitter width is held down to only 0.1
mil. Two base diffusions are used to maintain low base
resistance without any sacrifice in beta or Cep.

Integrated devices are slower than their discrete
counterparts because of the large series resistance be-
tween the collector contact on top of the device and the
collector region on the bottom. To reduce that resis-
tance, a low-resistivity (deep collector) diffusion makes
contact to a buried-layer collector.

To reduce capacitance between nearby devices, the
isolation walls surrounding each collector region must
be separated from each other. However, differential
pairs of transistors must not be separated too far or tem-
perature differences may result. While the small addi-
tional dc drift that this would cause is probably not sig-
nificant, signal-related thermal effects are. Applying an
input signal changes the power dissipated in Q1 by an
amount generally different from the power change in
Q.. This results in a temperature difference between Q)
and Q. which is proportional to the input signal voltage
(not the square of the voltage). The temperature differ-
ence changes the Vg of both Qi and Qo, giving rise to a
new equivalent input signal. The effect is linear and not
as small or as slow as one might expect—as much as 5%
increase in gain at dc and a noticeable change in gain
well above | megahertz.
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4. Computer model. Model of cascode circuit is used in ECAP anal-
ysis of IC ampilifier. L,, inductance of the package's output lead.
Causes some overshoot in transient response (see Fig. 6).

Actually, it is possible to bias a differential pair so
that a condition called “thermal balance” prevails. At
this point, defined by the equation

2IsRL = Vs + Ve - (IsRg)/2,
there are no temperature-induced input signals. The
equation is derived by setting the power-difference be-
tween Q; and Q: equal to zero for a non-zero differ-
ential signal input. In the equation, V; is the collector
supply voltage, Is is the emitter supply current, Rg is the
emitter gain-setting resistance, and Ry, is the collector
load resistance.

While most oscilloscope amplifiers are biased in this
way, IC units usually cannot be made to satisfy the
equation. Instead, they rely on close thermal coupling
to keep the magnitude of the effects down to about 1%
per stage, and the multiple time constants below about
10 ms—a manageable number. Nevertheless, between
five and 10 compensation networks may still be re-
quired to flatten the remaining effects of thermal imbal-
ance.

The ungrounded MOS capacitor

The MOs peaking capacitor is unlike many such inte-
grated capacitors in that neither side is grounded. In
both cases, the top plate is a large area of metal under
which a thin layer of oxide serves as a dielectric. The
bottom plate is the substrate, usually a negative power
supply. Capacitors of 30 picofarads are quite commonly
made in this fashion.

The configuration of Fig. 1 requires each plate to be
connected to an emitter. Using two independent capaci-
tors, one from each emitter to the substrate, is an un-
satisfactory solution. The common-mode impedance at
the emitter is lowered at high frequencies, and com-
mon-mode input signals couple through the substrate to
the control bases. The common-mode gain is increased
substantially and can easily exceed differential gain un-
der these conditions. Oscillation is then possible in a
multistage amplifier.

Fortunately, the buried-layer diffusion has low
enough resistivity to serve as the bottom plate of a ca-
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5. Computer analysis. This is the calculated voltage response at
node 1 of Fig. 4 to a 20-mA current-step input. For time frame of in-
terest, input impedance looks like a series R-C circuit.

pacitor isolated from the substrate. The top plate and
dielectric are the metal and underlying oxide as before.
This materially reduces substrate excitation.

As might be expected, however, the buried layer has
substantially more parasitic capacitance to the substrate
than the metal, so that the emitter connected to that
layer will also have greater capacitance to the substrate.
Because of this imbalance, the substrate is now excited
by differential as well as the remaining common-mode
signals. The solution is to split the capacitor into two
equal parallel capacitors. Each emitter is connected to
one bottom plate and one top plate, preventing net
substrate excitation. A photomicrograph of the chip and
bonding is shown in Fig. 2.

To implement interstage inductive peaking, it is de-
sirable to integrate only the emitter gain-setting resistor.
However, since the gain actually depends upon the ratio
of the gain-setting resistor to the load resistor, Ry, both
resistors must have the same temperature coefficient of
resistance. Since metal-film resistors are used for Ry, a
diffused resistor, which has a temperature coefficient of
about + 1,600 parts per million per degree centigrade, is
an unsuitable choice for the gain-setting function.

Furthermore, it is important that the tolerance be
good—especially in multistage amplifiers using the same
chip repeatedly. A 10% gain error in each of five cas-
caded stages results in a 61% over-all gain error.

An excellent solution is to deposit a thin-film resistor
directly onto the chip. Nichrome is used in preference to
other metal systems, such as chromium silicides and
tantalum, because the etchants usually used with these
other systems are not compatible with silicon dioxide or
aluminum. Additionally, it has a temperature coeffi-
cient of resistance of less than 100 ppm/°C and can be
made with the low sheet resistivity (10 ohms/square) re-
quired for an emitter resistor of only 30 ohms.

Large bandwidth and smooth frequency response de-
pend heavily upon a good system of interstage peaking,
One of the best of such systems is the tee-coil circuit
(Fig. 3), in which the tee-coil is actually a pair of mu-
tually coupled inductances. The use of a tee-coil to con-
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nect an RC load to a source, such as the output of one
stage of a multi-stage amplifier, improves the band-
width by a factor of 2.74 while adding only 0.4% of
overshoot. The 3-dB bandwidth of a tee-coil peaked am-
plifier is given by Af = 2.74/2m(Ru+ Rin)Cin, Where the
circuit is assumed to be tuned for a maximally flat enve-
lope delay response.

Adding Cb, the bridging capacitor, transforms the cir-
cuit into a “bridged tee-coil” and gives it another ex-
tremely useful property: if Co = (Cin/ 12)
[(RL+Rin)/Ry)J2, then the driving-point impedance,
Zin, is real and equal to Ry at all frequencies.?

Having a constant, real, driving-point impedance
makes it possible to use etched-circuit-board trans-
mission lines for interstage coupling, without any need
for reverse terminations—that is, no collector loads are
required in the driving stage. In principle, one could
doubly terminate an interstage transmission line of
twice the impedance and use simple inductive peaking
at each end without any loss of gain or bandwidth.
However, the tee-coil does a better job of preventing
signal reflections between stages.

Before implementing tee-coil peaking, one must
know accurately the input impedance of the stage to be
peaked. This may entail considerable work by any
method, but the method used here—computer analysis
based on a well-tested transistor model—is fast and in-
tuitively appealing. The analysis is carried out with
1BM’s well-known electronic circuit analysis program

(ECAP) using the circuit model of Fig,. 4. The value of R
is derived from a dc analysis of the required gain. Ce is
given by Ce = 1/2PF(R..

A mathematical time-domain reflectometry analysis
is performed with the computer; a 20-milliampere cur-
rent-step input excitation is programed, and the voltage
at node 1 (Fig. 5) is observed.

Since the voltage starts out at 0.152 volt, it is clear
that the input at t=0 looks like a resistance of value R
= 0.152 v/20 ma = 7.6 ohms. The constant slope of
dv/dt = 3.23 x 10%/second, for values of t greater
than 0, corresponds to a series capacitance of
C = 20 ma/3.23 x 10° v/s = 6.2 pF. Thus the input
impedance looks like a simple series RC circuit.

Simple theory which neglects the Miller effect and
Rsat predicts that Cep is in parallel with the series com-
bination of r, and Ce. Actually, the Miller effect oper-
ates on 1p and Cep to reduce the resistive component be-
low 1y and to raise the capacitive component to a value
greater than Ce, + Ce. The surprising fact remains that,
within the time of interest (the amplifier risetime), a
single series combination of resistance and capacitance
adequately describes the circuit input impedance.

The proper tee-coil is then designed and interposed
between the current source and the amplifier input. An-
other computer TDR analysis and, this time, a transient-
response calculation, as well, are performed as a check.
The overshoot in the transient response (Fig. 6) is
caused by the package lead inductance at the output (L,
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6. Double check. Again the computer calculates amplifier's response to a current step input, but this time with a tee-coil between the current
source and the amplifier. In addition to the node 1 input voltage, the amplifier's output is plotted.
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7. A chip trick. Tee-coil is realized by looping the input signals through the IC package as indicated by arrows on photograph of the chip.
Small run of metal between Ibad resistors and the IC adds extra inductance required by the output leads. Top plates of the bridging capaci-
tors are seen as large square metalization areas at the corner input pins of the IC package.

in Fig. 4). It is interesting to note that the risetime is
within a few percent of the value predicted from consid-
eration of the tee-coil alone. This means that only the
input impedance limits the bandwidth and that inter-
stage peaking is very important.

To make use of the package lead inductance, the in-
put signal is “looped through™ the package. Each of the
push-pull inputs enters a corner pin, leaves one of the
inner pins on the same edge, and terminates in a 50-
ohm load resistor, Ry.. Fortunately the value of L,, the
tee-coil input inductance, is just that contained in the
corner pin of the IC package (Fig. 7). The adjacent pin
has slightly less inductance than required for L, and
additional inductance is obtained with a narrow etched-
circuit-board run between the pin and the load resistor.

The bridging capacitance, Cb, is obtained by using a
three-layer etched-circuit-board capacitor, the top plate
of which may be seen as a wide area next to the corner

The first practical application

The first commercial use of the new integrated
circuit is in Tektronix's Type 485 350-megahertz
portable oscilloscope. A total of 17 of the ICs is
used—eight in the vertical and imternal trigger
araplifiers, two in the main vertical amplifier, six
in the A and B trigger amplifiers, and one in the
A external trigger display. The high gain-band-
widtn product of the IC is largely responsible for

| the scope's 5-millivalt sensitivity at 350 MHz.
The oscilloscope’s input impedance can be
switched from 1 megohm to 50 ohms at the
touch of a front-pane! button.

The entire unit weighs just 20% pounds with-
out accessories. This extremely light weight is
traceable, at least partially, to the new IC, be-
cause it keeps the scope’s power consumption
to a mere 60 watts overall. Low power con-

| sumption requires only a small, lightweight
power supply, which means that heavy cast
parts are not needed for structural strength.

Electronics/June 5, 1972

package pin in the photograph of the etched-circuit-
board in Fig. 7. The required 0.68 pF is obtained with
just 0.01 square inch of board area.

A cool package

A new inexpensive epoxy package design was chosen
for the IC. Because the leads are both short and roughly
equal in length, power dissipation exceeds that of a 16-
pin dual-in-line package and is rated at 400 milliwatts.
The IC actually dissipates less than 150 mw typically
and therefore runs very cool. The package may be
plugged into the circuit board for easy removal. 0O
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