


























































































































































































































































































































































































































































































































































































































192 DESIGNING WITH FIELD EFFECT TRANSISTORS

FIGURE 4-36 Effect of optimum
bandwidth on signal to noise per-
formance of an amplifier.

\ s/n ratio
AN

B/W

Even the “ideal” noiseless amplifier must always be coupled to a
resistive source, which, at an effective noise temperature of 290 K,
will thus offer a minimum detectable threshold of approximately —204
dBW/Hz. In the practical sense the amplifier will contribute noise which
is, among other things, proportional to its bandwidth, resulting in the
appearance at the output of an apparent threshold noise level whose
magnitude is far greater than the ideal noiseless amplifier and perhaps
even greater than the signal!

Previously we pointed out the importance of noise-matching the am-
plifier to offer optimum performance. However, an optimally matched
input, by definition, forced narrow-bandwidth performance. Conse-
quently, it appears that optimum bandwidth/optimum noise is a tradeoff
design problem. Figure 4-36 represents how bandwidth affects signal/
noise performance of the amplifier.
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5-1 The FET as an Analog Switch
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5-1 THE FET AS AN ANALOG SWITCH

The field-effect transistor, in the oN condition, contains a conducting
channel of either n-type or p-type carriers. The carriers, in traversing
from source to drain or drain to source, do not cross p-n junctions of
the type encountered in bipolar transistor or diode switches; thus there
is no inherent offset voltage in the oN switch. Signal currents can typically
pass equally well in either direction in the oN switch and are blocked
equally well in either direction by the orFr switch. This chapter presents
some of the important characteristics of the FET as an analog switch
and shows methods of driving the switch (controlling the oN-OFF status).

5-2 DC EQUIVALENT CIRCUITS

Some of the basic switching modes to be considered are shown in Fig.
5-1. The “voltage-mode” switch (a) and the “current-mode” switch (b),
for example, may be used for multiplexing many signals into a common

193
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Rsig(1) St D1
Vv ' .
Rsi | )
Vsig (1) alz)  Se + a2 ')
| |
4 Vsig(2) I |
Gy L6
= ——
Switch control
(a) Switch with high-impedance load
Rsiq (1) Sy ’I/A
v -0
_ |
Vsig (1) Raig2) 32 "
: |
Vsig (2) |
61,4
- Switch controt
(b) Switch with low ~impedance load
Reia S _ra_. 0 N
L
—0
vsig - | ¢ _
b6 T
L Switch -
= control

(c) Switch used in sample and hold system

FIGURE 5-1 Analog switch circuits: (@) switch with high-impedance load;
(b) switch with low-impedance load; and (c) switch used in sample-and-hold
system. ’

point such as the amplifier inputs shown. The Fig. 5-1b circuit is often
used for the selective summing of two or more signals into a low-
impedance summing node and in digital-to-analog converters. The Fig.
5-1¢-type sample-and-hold circuit finds applications in analog-to-digital
converters. For these circuits we will show how various FET types of
the “family tree” may be used. We make the initial assumption that in
the oN state the value of Vpg is small and may be of either polarity.
For the FET types considered, the value of channel conductance is ap-
proximately a linear function of gate-to-source voltage, using as a refer-
ence the gate-source cutoff Vggseom or threshold voltage Vgsin). Figure
5-2 shows this characteristic. Also shown in Fig. 5-2 is the effect that
the body-source voltage has upon channel conductance of the MOS
devices. The body, in effect, functions as a “back” gate, and its effect
upon channel conductance must be considered.
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The perfect switch would have infinite resistance (zero conductance)
when open and zero resistance (infinite conductance) when closed. While
the FET 1s not a perfect switch, there are many applications in which
this deviation from perfection is unimportant. This statement can be
justified by an analysis of the implications of the circuits shown in Fig.
5-3. The general two-port network in Fig. 5-3a couples the signal source
Vsic to a resistive load R.. The network can be characterized by its
terminal voltages and currents, Vi, V, I, and I. Figure 5-3b shows
the equivalent circuit of a FET switch in the oFF state. In this condition,
the “source” and “‘drain’’ are not connected to one another; however,
two leakage current sources, Is and Ip, are present. The same device
is shown in the oN state in Fig. 5-3¢. The FET gate is connected to its
source. The leakage I, is that of the driver. The following typical values
are assumed for the circuit. The switch characteristics are those of the
widely used analog switch type DG181AP.

Vs[(; =+10V DS =30 QO
Rsm=109 Is =ID=lnA
R, =200 kQ I, =2 nA

In the following calculations the effect of leakage current is expressed
in terms of error percentage.

n-channel p- channel
1
dos ° s aos
JFET D
/ (depletion type) N\
G G
S 'S
Vesorr) O+ Vgs - 0 + Vesioff) VGs
(a d)
dos D ODS
/ MOSFET
Vas =0V B (deplehonfype) Vgs= OV
G
Vgs=—-5V Ves=+5V
Vostoff) —O¥ Vos GO'J % = O+ Ves(oft Vs
(b) (e)
dos D D dos
le—0 MOSFET
(C;_i B (enhancement
2 veszov  tyeel oy
Ves=-5V Vgs=+5V
O Vgs(th) Ves Ves(thO  Vgs

(c) (f)

FIGURE 5-2 Channel conductance vs. gate-source voltage.
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I I
Rsig i <2
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Ooff
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Rai I Ip
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"'I

Vsig Iv, |: I, [Vz 3R
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(c)

FIGURE 5-3 DC equivalent circuits.

5-2-1 orF Condition Calculation (Fig. 5-3b)
L=I=1nA
Vsic— Vi=1* Rsic= (1 nA)(10 ) =10 nV
% error in V; =%®= 1 X1077%
L=I=1nA
Vaoto = bR = (1 nA)(200 kQ) =—200 pV
(2 X 1074)(10%)

10 =0.002%

% error in Vs =

referred to Vs (full scale).

5-2-2 on Condition Calculation (Fig. 5-3¢)

Vsig — Ve= (42 pA)(40 Q) =1.7 mV

N/

(5-1)

(5-2)

(5-3)
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(1.7 X 1073)(102)
10

% error in V= =1.7X102=0.017%

referred to Vs (full scale)

The error resulting from I, is approximately 20 nV or 2 X 1077%.

The foregoing calculations indicate that for many applications the
performance of the FET equivalent circuits in Fig. 5-3 is a good approxi-
mation of the perfect switch. In particular, the ofFfF condition leakage
currents contribute only a negligible portion of total error.

5-3 THE JFET AS A SWITCH

A suitable driving circuit must be considered when assessing the per-
formance of the JFET as a switch. Such a circuit is shown in Fig. 5-4.

Note that Q; is an n-channel JFET, Q. is an enhancement-mode
p-channel MOSFET, and Q3 is an enhancement-mode #n-channel MOS-
FET. A Vin of —15 V will turn Q3 offF and Q» ON, so that §; and G,
are connected. With Vgis1 = 0, Q, is oN. If Vgs of Q, were allowed to
vary, switch resistance modulation would occur, introducing a source
of error. Figure 5-5 shows the equivalent circuit of the oN switch.

The suggested driving circuit of Fig. 5-4 avoids rps modulation at
low frequencies. Typically the positive supply voltage is +15 V and the
negative supply voltage is —15 V. In order for Vgs to change, current
must flow through Q 2, which is oN. There are only two possible current
paths through Q »: through Q 35, which is oFF and subject only to variations
in leakage current, or into the gate of Q ;, which is also subject to leakage
current. Since both paths through Q» provide only negligible changes
in Vgs, their effect in the circuit may be ignored. As the analog frequency

Q4

S1
Vgig= 210V o—y Dy

Gz —e S .G'
I B
+15V —
Vin: Ion Q2
On
"ps
-15v I—J 8 o—mw——w————o
[
_‘—|’l >
Q3 s Ry Vi
G3

Vsig p:
o
P -15Vv o o}
o
{IGURE 5-4 JFET switch control circuit. FIGURE 5-5 Error due to
e switch oON resistance rpg.
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1
Y z—
4 9os= 75
\ SW= ON Ve ™ Vsig
Ves (of f)
SW=OFF Ve 2—15V
T T T T T T
-15 -10 -5 0] 5 10 15
Vsig V

FIGURE 5-6 JFET channel conductance gus versus signal
voltage.

is increased, capacitance will provide lower-impedance paths, so that
some degree of Arps is possible at high frequency.

With Vip at +15 V, Q» is oFF and Q3 is ON; thus G, is at —15 V. Q,
will remain OFF if Vsic > (Va1 — Veseom)- Veseotn 1s a “‘negative” voltage
for an n-channel FET; thus the negative analog signal is limited by the
Vaseotn of Q1 and the negative supply voltage. The oN and OFF conditions
are shown in Fig. 5-6. gps is constant because with Vg = Vgi¢ imposed
by the switch control circuit, Vgs = 0.

The positive swing of the oN switch is limited only by the maximum
voltage ratings of Q2, and Q3. In the OFF state the positive swing of
the source and drain of Q, is limited by the voltage breakdown ratings
of both Q; and Q.

Q

S r_h001
Ry 4 G
1s IOff |
s Bp-C

on =, Q2
E

=15V

FIGURE 5-7 JFET switch con-
trol circuit.

Another driver circuit for the JFET is shown in Fig. 5-7. In the switch
ON state, Q. is turned OFF; thus the gate of Q; is free to follow the
analog signal at its source, provided the reactance of the gate-to-ground
capacitance of Q, plus the output capacitance of Q; is large compared
to the resistance of R;. At high analog signal frequencies this circuit
may develop problems because of the gate’s inability to follow the source,
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D
Ry
Ls(ofr) Lo(off)
i"osa
-5V -15V
(a) Switch ON (b) Switch OFF

FIGURE 5-8 Equivalent circuits using switch shown in Fig. 5-4.

which results in a modulation of the channel resistance by the signal
voltage. This becomes more serious as the analog amplitude is increased.

In the switch OFF state, the gate of Q; is clamped to —15 V, and R,
appears as a load on the analog signal source.

The oN and oFF equivalent circuits for the circuits of Figs. 5-4 and
5-7 are shown in Figs. 5-8 and 5-9. To minimize analog signal feed-
through of the oFF switch, 7pss, 7ce2, Cas, Cgs, and Cgq should be low. In
the oN state, the value of g should be low to minimize insertion loss.
Minimizing 7ps; must be compromised with keeping Cys and Cya low,
because designing the FET for lower rps will usually increase its gate
capacitance or increase Vggcotn.

5-4 SWITCHING HIGH-FREQUENCY SIGNALS

As a signal frequency is increased, a decrease in OFF isolation rather
than degradation of oN performance may become a limiting factor. Three
factors affect the quality of OFF isolation: selection of the appropriate
analog switch, the magnitude of load resistance, and the amount of
stray capacitance present in the circuit. The selection of the appropriate

Rsic S rost Rs»c S
T “ c«L
rRd T T Ru
Vsi6 1 Is(om
G G Ip(ote)
- L -
Io‘ _.L. Co >I'“2
-5V -5V
(a) Switch ON (b) Switch OFF

FIGURE 5-9 Equivalent circuits using switch shown in Fig. 5-7.
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Q1

. T
-5V ? +15Vv

Logic in —

FIGURE 5-10 Schematic diagram of one channel of DG181BA analog switch.

analog switch is probably the most important factor. As a rule, product
specifications do not provide OFfF isolation data in sufficient depth to
make switch selection easy. Three steps may be taken to overcome this
lack of data: measurement of actual isolation performance, analysis of
equivalent circuits to predict isolation, and simplification of the analysis
to produce a usable set of design aids.

To illustrate performance analysis, a JFET switch with an integrated
drive will be used for switching wideband RF signals. The JFET used
as the switch is similar to the 2N3971 (except that Vgsem is lower).

It is packaged with an integrated circuit driver which permits control
with low-level logic signals such as the output from TTL digital circuits.
A combined switch pair with driver has the commercial part number
DG181BA. Figure 5-10 shows a schematic diagram of one channel of
this dual-channel switch. The driver output is similar to the control
circuit shown in Fig. 5-4. Replacing the MOSFET Q3 of Fig. 5-4 with
the p-n-p transistor shown in Fig. 5-10 improves oOFF isolation because
of the lower oN impedance of the p-n-p transistor.

5-4-1 oFr Isolation

The isolation performance test setup and a plot of data are shown in
Fig. 5-11. In the equivalent oFF circuit shown in Fig. 5-12, G, and R,
are output parameters of the driver p-n-p transistor Qs (Fig. 5-10). The
4.5-pF source-to-gate capacitance includes the source-to-drain capaci-
tance of Q.. The improvement in performance that could be obtained
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100 r
RF
signal ' 5‘5){""2',‘;';. o 80 H
generator A B ‘3.
7 ¥ e s 60
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103 108 107 108
Frequency, Hz

FIGURE 5-11 DGI181 oFr isolation test circuit and data.

if R, were reduced to zero is shown in the table included in Fig. 5-12.
A large part of the feedthrough is via Cgs and Cgq unless the driver
output impedance is low.

In Fig. 5-12, two separate paths exist between source (S) and drain
(D): through Cys and through the gate circuit Cgs and Cgq on the way
to the drain. To simplify analysis, it is assumed that Ir (current through
Cas) and Ir (the current flowing out of the tee network) are independent

O.1pF
° S Cas 1 _LF_.
45pF | 38pF 1&
S 1
f 10 |
Vi, Cos CooIr| 5750

0 —
3
59
'—'”—I
° =

In the test fixtures, inputs were shielded from outputs, and RF
decoupling was provided on all dc connections. Great care was taken
in the mechanical layout of fixtures, to minimize stray capacitance.
The characteristic impedance of video transmission lines, 75 Q, was
issued as the value of load resistance. Voltage measurements were
made with an RF vector voltmeter, H/P Model 8405A.

COMPARISON OF IDEAL DRIVER CASE (Ir = 0) WITH ACTUAL
PERFORMANCE OF DG181 ANALOG SWITCH

|Vin/ Vi
Ro Ir Ir L (dB)
0 1.41 /90°pA 0 1.41 /90°pA 66.5

200 141 /90°nA 291 /163°wA  3.58 /141°nA 584
® P

FIGURE 5-12 Equivalent circuit of DG181BA with 75-Q load.
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of one another. While this assumption is not entirely valid, if OFF isolation
is greater than 20 dB, it yields excellent agreement with measured results.
The transfer functions for Ir and Ir are

JoCpsRy
Iy=————— -4
F l+j(x)CDsRL (5 )
and
10 Cgs Vin
A e (5-5)

"1+ Ri/Ro+ (Ces+ Co)/Can
“ jRy/Ro [@Ro(Ces + Co— 1/@RyCop]

Ro and Cy are the output resistance and capacitance of the FET driver
circuit. Equation (5-5) shows that as Ro — 0, Ir — 0. It is thus possible
to reduce Ro and make Ir an arbitrarily small value; however, Ir remains
to be dealt with. Iy is the sum of the currents through Cps (device capaci-
tance) and Gray (additional wiring capacitance, etc.). It may be the domi-
‘nant current at certain frequencies. Table 5-1 shows that for the DG181
switch Ir is dominant at 1 MHz and Ir is dominant at 100 MHz. The
separate expressions derived for Ir and Ir make it relatively simple to
evaluate the effect of varying certain parameters to minimize [ (maximize
isolation).

Several multiple-switch configurations may be used to achieve an im-
pressive increase in OFF isolation under otherwise difficult conditions.
Probably the most effective multiple-switch configuration is the TEE,
which is shown in Fig. 5-13. In the TEE, S, operates out of phase with
S: and §3, and provides two stages of isolation. The input to S; is the
isolation leakage of §; working into an Ry = 7pss. This multiple-switch
arrangement brings about a considerable improvement in OFF isolation,
but at the expense of doubling switch oN resistance. This increases the
ON insertion loss.

TABLE 5-1 VARIATIONS IN CURRENT WITH FREQUENCY FOR DG181

f [Vin/ Vi [Ceq|
(MHz) Ir Ir I (dB) (pF)

1.0 141/90°nA  30.3/178°nA  145/102°nA  +86  0.103
40  563/90°nA  481/173°nA  784/128°nA  +72  0.139
100  1.41/90°pA  291/163°pA  358/141°pA 458  0.254
400 5.63/90°pA  31.9/128°pA  365/123°pmA  +38  0.648
100.0  14.1/90°pA  99.6/101°pA  1137/100°pA  +28  0.803

VL = 224 mW; RL =175 Q; CDS =0.1 pF; C;n-.y =0.

NoTE: The equivalent circuit shown in Fig. 5-12 was used to calculate the results shown in Table
5-1.
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AAA
AA
20
e

FIGURE 5-13 TEE for isolation
improvement.

5-4-2 oN Attenuation

The on equivalent circuit of a DG181 switch is shown in Fig. 5-14. oN
performance is essentially independent of frequency for any load capaci-
tance likely to be used. The ON resistance 7psen) causes an insertion
loss which is basically constant; phase shift is negligible.

DG 181 switch

Rsiq

~ CL

P
A
Ay

FIGURE 5-14 DGI181 on equivalent cir-
cuit.

With the test fixture described in Fig. 5-11, measured oN performance
was observed as shown in Fig. 5-15.
The transfer function for the on switch is
Ve R/ (R + 1psion)

Lt 5-6
Vin 1+ jf{27[(Rurpson)/ (R + 1psom)] [Coom + CL} ©-0)

= 4B

Insertion loss,
VL
vll\
l
©

1
QW(M.)( Coiomy + CL) 0 |

Ry, + 7psion)
-45.0 m
-90.0

10° 108 107 108
Frequency, Hz

fo=

Phase shift
o
%
w0

FIGURE 5-15 DG181 on performance.
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Insertion loss is computed from the numerator as (neglecting Cp and
G

R,

oN insertion loss, dB = 20 log R (5-7)
L

+ 7pscon)

The insertion loss, OFF isolation, and ON/OFF ratio over a range of load
resistance are

OFF isolation

(dB)
I'Ds (on) R Insertion f= 10 MHz ON/OFF
Switch Q) Q) loss (dB) Cstray = 0.1 pF (dB)
100 2.0 55.9 539
DG181 25 75 2.5 58.4 55.9
50 3.6 61.9 58.3

The frequency response of the oN transfer function has the normalized
form shown in Fig. 5-16.

5-5 THE MOSFET SWITCH

The control circuit for the MOSFET switch can be simpler than for
the JFET because its gate may be positive or negative with respect to
source and drain. Typically the gate is switched between two fixed volt-
ages, the sum of which must exceed the peak-to-peak analog voltage
'by at least the magnitude of Vgsem or Vesieny plus enough additional

o
g -10 2048 ]
.5 D _50 decade
t
2 -30
S

-40

£g °
G ®-45
b g—so FIGURE 5-16 oN frequency response.
T

0.01 [oR] 1 10 100

f/fo . Hz
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Rsic B oD l‘_;anie;_‘q
" sl2 o 90" g

1
|
|
{
{
!

|
|
>R :
1 G
Vsic :
= 1o \
| Channel to
G Q2 v | y
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FIGURE 5-17 PMOS channel conductance gqs versus signal voltage.

Ves bias to produce an adequate ggs. As an example, consider the
p-channel enhancement-mode MOSFET switch and driver shown in Fig.
5-17. The gate is connected to +10 V (through R,) for the switch oFF
state and to —20 V (via Q») for the switch oN state. In the oN state,
the channel conduction gg is a function of the signal voltage as indicated
because both gate and body are connected to fixed voltages (—20 V
and +10 V). If the source or drain is allowed to swing more positive
than +10 V, they become forward-biased with respect to the body, a
condition which should typically be avoided. If source and drain ap-
proach —20 V, channel conductance ggs will approach zero.

5-6 THE CMOS SWITCH

As noted in Fig. 5-17, the typical PMOS or NMOS switch circuit will
exhibit a variation in ON conductance as the analog voltage is varied.
This undesirable characteristic can be overcome by paralleling p- and
n-channel MOSFETs, as shown in Fig. 5-18a. For the on state, the
n-channel gate 1s forced positive and the p-channel gate is forced nega-
tive. Figure 5-18b shows the combined conductance of the two FET
switches. The integrated combination of n-channel and p-channel devices
on a common substrate is referred to as complementary MOS (CMOS).

The oFF condition for the CMOS device will be maintained so long
as the channel-to-body diodes do not become forward-biased, as shown
in Fig. 5-18c.

The major advantages the CMOS construction technique makes to
analog switching are:

O Lower 7pgs variation than with either P or NMOS over wide
analog signal voltage excursions (similar to the perfor-
mance of a junction FET).
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FIGURE 5-18 Characteristics of CMOS devices.

O Analog signal range extends to + and — supply voltages.
For instance, using the same £15-V supplies typical of oper-
ational amplifiers, the signal-handling capability of the sys-
tem is limited by the op amp, not by the switch.

Figure 5-19 gives a comparison of the characteristic of 7ps versus Vsig
for typical JFET, PMOS, and CMOS switches. The three characteristic

120

i
100 \DG 171 (PMOS)
o 80
ié 60 \\

!

40
| DG 300(CMOS) | T~——
20 T
DG 181 (JFET) FIGURE 5-19 Performance of three

o) T T A O T FET switches.
16 -12 -8 -4 0O 4 8 12 16
Vsig.V
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curves shown in Fig. 5-19 were obtained using integrated-circuit analog
switches types DG181, DG171, and DG300, respectively, for the JFET,
PMOS, and CMOS types.

5-7 THE VMOS SWITCH

The low oN resistance of the VMOS when used as an analog switch
results in low insertion loss in low-impedance systems, fast charging
in sample-and-hold systems, rapid discharge of integrator capacitors,
low noise in measuring systems, and high accuracy in test systems. Its
high current-carrying capability allows transmission of considerable
power through the switch, and ease of paralleling without ballast resistors
increases this capability. The ability to carry high peak currents is advan-
tageous for driving capacitive lines and quickly charging and discharging
capacitors in high-speed A/D converters, S/H circuits, and integrators.
Their high ofr isolation (greater than 60 dB isolation at 10 MHz) and
less than 500 nA dc leakage provide excellent ofF characteristics. VMOS
are fast—a characteristic useful in radar, sonar, and laser applications,
where signal bursts must be gated oN and ofF very rapidly. A typical
VMOS can switch 1 A in 4 ns. Their linear oN resistance results in
low total harmonic and intermodulation distortion. This is especially
important in color video switching, where color purity must be main-
tained.

Figure 5-20 shows the ps characteristics of a low-resistance
VMOS device, the 2N6659. Varying the gate voltage from zero to +10 V
switches the 2N6659 from an ofF condition to less than 2 Q oN resis-
tance..

A schematic representation of the 2N6659 and its equivalent ofFr and
ON circuits 1s given in Fig. 5-21. It is important to note that the body
of the device is internally connected to the source. Diode D is the
body-drain p-n junction.

The drain current versus drain-to-source voltage characteristic in the

S 400 —_—
2 Vps=0.1V]
(43
2
3 \
w
L 10
[=4
g \

FIGURE5-20 Drain-to-source & N

ON resistance vs. gate-to-source ?

voltage. £ 4

& 2 1 10 100

a

Gate-source voltage Vgs, V
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Body Dy
o 1 S D4 (body-drain diode)
P2 ) s ° 20, S
Zener gate D2 Channel
protection 6 resistance
diode
(a) (b) (c)

FIGURE 5-21 (a) Schematic symbol of 2N6659; (b) equivalent oFF condition (Vs =
0); and (c) equivalent oN condition (Vos = +10 V).

ofF condition (Fig. 5-22) has the appearance of a diode characteristic.
The drain current is very low until the drain-source is reverse-biased
to about 0.6 V. In the oN condition the channel conductance of about
0.5 mho parallels the diode.

A practical implementation of this device as an analog switch is shown
in Fig. 5-23. In the oN condition the gate of the 2N6659 is positive
with respect to the source, whereas in the ofF condition the gate voltage
is zero. This circuit can take advantage of the 1-A capability and 2-Q
ON resistance of the VMOS. However, in the OFF state the input signal
is restricted to positive voltages and should always be greater than the
output voltage; OFF isolation is impaired otherwise because of the drain
to body diode. Switching times are less than 200 ns, and charge feed-
through during the oN to OFF transition is 80 pC with a 50-Q load.
Charge transfer is important in sample-and-hold systems, where an offset
voltage of 8 mV into a 0.01-uF load would occur in this case.

To increase the dynamic range to =10 V, two 2N6659s are connected
in series source-to-source as shown in Fig. 5-24. In the oN condition,
both output switches of the DG300 are open, and the gates of both

05 On
/
L/ Imox=1.5A
< D _ S Vo
£ 5 Off
g ) i 2N6659
3 / / -0.6 V<v;<
° { v;i<iOV Load
S I /) $6
o 4 +15VoQ
o Vi l
-05 —h/
‘\High output

08 04 o] 04 0.8
Drain - source voltage,V

= switch ON

FIGURE 5-22 Small-signal characteris- FIGURE 5-23 A simple unidirectional
tics of 2N6659. VMOS analog switch (V; = V).
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FIGURE 5-24 A general-purpose bidirectional analog switch.

2N6659s are pulled to +15 V. The oN resistance of the switch is now
twice the drain-source resistance of a single 2N6659, but the maximum
current is still that of a single device. The switch is turned oFF by shorting
the VMOS gates to the negative supply, reducing Vgs to a voltage less
than the minimum threshold of 0.8 V. Switch B of the DG300 increases
oFF isolation 30 dB by shunting the signal leakage path (through the
sources of the 2N6659s) to the negative supply.

OFF isolation is shown in Fig. 5-25. The previous problem with the
body drain diodes forward-biasing in the OFF condition is now removed,
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[
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FIGURE 5-25 oFr isolation vs. frequency.
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FIGURE 5-26 Small-signal oN resistance vs. analog
input voltage.

since the two FETs are back-to-back, so one diode is always reverse-
biased.

The bidirectional switch has a gate drive which is referenced to a
fixed supply. Its ON resistance varies with the input analog voltage be-
cause Vgs changes (Fig. 5-26). This variation may introduce distortion
when driving low-impedance loads such as speakers or transmission lines.
To achieve a constant oN resistance, use the circuit shown in Fig.
5-27. In the oN condition, the gates of the 2N6659s are driven by a

2N6660 2N6660
—10 V<V, <10V D S S D Vout
1yl pE SE
Vin r_
vy G b G Load

L

ON:-15V
O Veontrol OFF: OV
D

l—-
T ﬁsteeo
_ o -15V

S
Vo

D
2N6660

o lel

FIGURE 5-27 Low-distortion constant-oN-resistance switch.
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FIGURE 5-28 Distortion improvement using the buffered analog
switch.

voltage which tracks the input signal, so gate-to-source voltage is con-
stant and independent of the input signal. No modulation of the onN
resistance therefore takes place as the signal level changes. The buffer
circuit reduces the total harmonic distortion (THD) from 1.5 percent
(no buffer) to less than 0.005 percent (calculated) at 1 kHz, 8 V rms
into 50 Q. The next best analog switch, a 10-Q DG186, has a 2 percent
THD (Fig. 5-28).

The two buffer circuits shown in Fig. 5-29 isolate the input signal

Vo=(Vin+10 V)

+15V to +30V

VN66AK R 310K
L———ﬂ-————o \
Vin o__l Cy out
01
WF 1N961

IN914

-15V 0 ~30V (b)

FIGURE 5-29 (a) General-purpose buffer and
(b) high-speed buffer.
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and use a zener diode to provide a fixed Vgseon) voltage. The general-
purpose buffer is flat to 300 kHz and operates on £15 V or less. The
second buffer, a VNG66AK voltage follower, shown in Fig. 5-295, extends
the frequency response to 50 MHz and increases the signal range to
*30 V when operated from *30-V supplies. The use of a bootstrap in
the buffer circuit allows large-signal, low-distortion operation near the
positive supply, provided the switch-oN time is small compared to the
time constant of R,G,.

Lower oN resistance is easily achieved by paralleling devices. For ex-
ample, three paralleled 2N6659s result in a 1-Q switch (Fig. 5-30). No
ballasting or balancing resistors are needed, since the 2N6659s do not
suffer from current hogging. VMOS has a temperature coefficient which
causes it to draw less current as it heats up, so excess current is automati-
cally shifted to the other devices. Paralleling the 2N6659 not only de-
creases the ON resistance but increases the current-carrying capability
to 4.5 A and the linear transfer characteristic to 1.2 A (Fig. 5-31). The
voltage range can also be increased. Simply use higher breakdown VMOS
as shown in Fig. 5-32. The VN98AK has a breakdown of 90 V, allowing
up to =40 V analog capability. However, its ON resistance is also greater
(2.8 Q vs. 1.2 Q for the 2N6659). Zener D limits the gate-source voltage
to 30 V, preventing possible gate oxide rupture.

The high-power RF switch shown in Fig. 5-33 has excellent perform-
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[w]

ON: -15V

—
2N6659 :_——-3:0 Veontrol {OFF: ov
s

3

—_— —15V

FIGURE 5-30 Ultra-low-resistance switch (1 Q).
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FIGURE 5-31 Large-signal transfer characteristics.

ance up to 50 MHz, with turn-oN and turn-ofF times of less than 50
ns. The isolation at 10 MHz is better than 60 dB with a 20 V p-p input
signal; insertion loss is only 1 dB with a 50-§) load (Figure 5-34q). The
gain versus input power and the two-tone third-order intermodulation
product performance curves (Fig. 5-345) show up to 1 W of power being
transferred to the 50-Q load with a 42-dB intercept point and 1 dB
gain compression at 25 dBm input power. The turn-oN time of the
switch (Fig. 5-34¢) is determined by the passive pullup resistor in combi-

VN9BAK VNI8AK

14t —1ir
CIBVM T SlZ‘1N972 T

INGE61 ) Ve ONi a0V
(4
'™ ‘ .% °" YoFF: 30V

—— g0V
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FIGURE 5-32 80-V peak-to-peak analog switch.
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FIGURE 5-34 (a) Insertion loss and isolation vs. frequency of RF analog switch;
(b) gain and two-tone, third-order intermodulation; and (c) switching response of RF

switch into 50-0) load.
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nation with the capacitance at the gates of the VN66AK; the negative
turn-oOFF transient is caused by charge coupling to the output through
the output capacitance Coss of the 2N6659.

5-8 DC LEAKAGE CHARACTERISTICS

The oN and ofr dc leakage of the analog switch circuit is a function
of the FET switch plus its driver circuit. The calculation of system error
due to leakage was presented earlier in dc equivalent circuits. For the
JFET switch, the sources of the error-producing leakage currents are
shown in Figs. 5-8 and 5-9. In the oN condition, the switch gate is clamped
to its source and follows the analog signal. Signal leakage is principally
to the —15-V supply due to the oFF leakage of the driver (Q; of Fig.
5-4 or Q; of Fig. 5-7). It is shown as I, in Figs. 5-8a and 5-9a. If the
signal source resistance Rgic 1s low, then usually the effect of I, and
Isotn may be neglected, typical values being less than 107® A at 25°C.
With a value of Rgsig of 100 €, this magnitude of leakage would result
in an error of 100 X 107° V.

Iptn may be a problem in multiplexers where many switches are
connected to a common output, such as point A in Figs. 5-1a or 6. Then
the sum of the switch leakages must be considered. For example, examine
the multiplexer circuit of Fig. 5-35a. Assume that one switch is turned
ON, Iper) is the same for all switches, I, is the leakage of the oN switch
driver, and the input conductance of the op amp is zero.

For this case, the error voltage due to leakage current is

Va erron = —[(n— 1) Ip otn](7ps omy + Rsic) — loRsic (5-8)
Rs S SW1 b
16 1 1
—AAA y -
W o’}/
Vi s | swe 5
= —A 2 ¢ o”/L o D
| ! )
V2 | I sws3 v,
Va °
- L 53] a3 '
b et
Vs ! | s : SW 4 o
4 4
= AN : ]I ' O/I/L p Re
| [l f |
Va \IO 0 © 9
v —
= To switch control circuit Lin $ve
(a) (b)

FIGURE 5-35 Multiplexer using FET switches.
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If, for example, n = 16, rpson) = 30 Q, Rsic = 100 Q, Ipesr) = 0.25
nA, and I, = 1 nA, the error voltage will be

Va (erron = —[(15)(0.25)(107%)(30 + 100)] — (1079)(100) = —0.59 pV

For high-temperature operation, say at 125°C, Ipef may increase to
25 nA, rps(en) may increase to 55 Q, and I, to 100 nA. The error voltage
then would increase to approximately —68 uV.

Equation (5-8) shows that as the number of switch channels in a
multiplexer is increased, the error due to Ipf becomes more significant.
By assuming that I, = Ipem, n >> 1, and Rge = pscon), (Eq. 5-8) can
be simplified:

Va (erron) = np oty ( Rsic + 7ps (o) (5-9)

If the output of the multiplexer is connected to a current-summing node,
such as the inverting amplifier shown in Figs. 5-35b and 5-36, then
the error voltage is due to leakage currents into this low-impedance
node. Assuming that Rsic >>> 7pson), Which is typically true for this type
of application, then

Voterron = [ lo+ (n— 1) Ipotn] Rr (5-10)

when ¥, (error) 1s the output voltage resulting from switch leakage currents.

5-8-1 Two-Level Multiplexer

If the number of channels n is increased to the extent that the error
due to leakage current is excessive, then a two-level multiplexing system
may be used. Figure 5-37 shows a two-level system with its equivalent

$(n-1)Ip(orn)
fsi6 ros(on) D
WA o—9p WA O +
S f _ —0
V,io ‘ VA
Lo
Re
(a) b
Iy Lo tve
n

(b)

FIGURE 5-36 Equivalent circuit of multiplexer with one switch oN and
n — 1 switches OFF. :
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circuit used to determine error due to leakage. For the ‘‘voltage-mode”
switch, using a high-Z;, op amp load, the approximate error voltage
due to leakage is

Va errory = —[(m— 1) Ip(otn,(7ps1 + 7ps2 + Rsic)]
—[Joz+ (n— 1) Ipotn](7ps1 + Rsie) — InRsic  (5-11)

This assumes that Zi, >> (rpg; + 7ps2 + Rsig).
For the current-mode switch, using a low-Zi, inverting amplifier, the
error due to leakage is

Vo error) = [lo1 + (n— 1) Ip oty + Loz + (m—1) Ipcotn,] Rr (5-12)

By way of example, compare a 1024-channel single-level system with
a 1024-channel two-level system in which n = m = 32. Assume that at
the maximum operating temperature Ip s = Io = 50 nA, 7pgn) = 50 Q,
and Rgic = 100 Q. For the single-level system, using Eq. (5-9),

V4 (error) = 7.68 mV
For the two-level system, using Eq. (5-11),
Va (error) = 0.55 mV

The two-level system has the added advantages of reducing the number
of control lines from n X mlines to n+ m lines and reducing capacitance
at the output node by approximately the same factor by which leakage
current effects were reduced.

5-8-2 MOSFET Leakage

The gate leakage of the MOSFET in a typical analog switching circuit
may be neglected when compared to the drain-to-body and source-to-
body leakage; thus the driver circuit does not contribute directly to
leakage errors. If MOS switches are used in the multiplexer of Fig.
5-35, the equivalent circuit of Fig. 5-38 will be helpful in analyzing
the leakage errors.

In the normal operating mode ( Vsig < Vy) the leakage currents are
due to the reverse-biased source-body and drain-body diodes. The leak-
age of the onN switch is only slightly greater than I + Isosm. Also,
for the typical switch, Ip o = Isom. By inspection of Fig. 5-37 (assuming
one switch is oN), the error voltage due to leakage is

—Va error) = np (o) ( 75 (on) T Rs16) + Is ot Rsia (5-13)

A factor of the MOS switch that may not be obvious is its characteristics
in the event of an overvoltage condition where Vs > Vy or Vp > 1.
Due to the close proximity of the source to the drain, one can function
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—0 Vout

FIGURE 5-38 Equivalent circuit of multiplexer using MOSFET
switches.

as an emitter and the other as a collector, with the “body” serving as
a base to form a p-n-p junction transistor. This means that most of the
current injected into the body by a forward-biased source-body junction
may be ‘“collected” by a reverse-biased drain. If the source-body or
drain-body “diode” becomes forward-biased, the MOSFET no longer
provides good OFF source-drain isolation. The analog voltage should
not exceed the positive body supply voltage.

5-8-3 CMOS Switch Leakage

The CMOS switch shown in Fig. 5-18 has a p-channel MOS and an
n-channel MOS in parallel. In its oFF state, the PMOS body is connected
to the positive supply and the NMOS body to the negative supply. The
results in the PMOS leakage being opposed by the NMOS leakage.
The net leakage may be zero at a particular value of drain voltage.
The voltage at which this occurs is usually very near the value of the
positive supply because in a complementary switch the PMOS is larger
than the NMOS and thus has a higher leakage.

5-9 CAPACITANCE AND SWITCHING TRANSIENTS

The capacitance associated with the steady-state oN and OFF states of
the FET switch was discussed in the switching high frequency section
as it related to signal attenuation and isolation. In this section, we will
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evaluate the transients which occur during the turn-oN and turn-ofrr
periods.

By the very nature of its operation the FET requires a certain transfer
of charge to change its state from a conducting to a nonconducting
mode. The required charge transfer is related to the channel thickness,
length, and width and carrier concentration within the channel. Thus,
it is related to 7psm and Vgsom. For switching applications, low values
of 7psomy and Vgsorry are desirable for charge transfer; however, there
must be a design compromise between these conflicting parameters.
Increasing channel width will reduce 7psn) without affecting Vs (ot;
however, the charge required to turn the device oFF will be increased.
Increasing channel thickness will also decrease 7ps on), but increase Vs ofn
and thus charge transfer. A reduced channel length results in a decrease
in both 7pseen and charge transfer without an appreciable effect on
Ves otn; thus good switching FETs usually have short channels.

5-9-1 Sample-and-Hold Circuit

The charge transfer characteristic is of particular importance in sample-
and-hold-type circuits because any charge transferred into or out of
the holding capacitor in the transition between the sample-and-hold
mode results in an error signal. This characteristic will vary to quite
an extent, depending upon various switch and circuit configurations.
Few, if any, device data sheets include as a characteristic the charge in
picocoulombs required to turn the device oN or OFF. A rough estimate
can be had by multiplying Vesctn and Cygs + Cya. Caution must be used
In comparing units on this basis because the values of C depend upon

Rsource Ros (on) -, D oVout
® o
e oL
Cos=— Coa
= Cstorage
o T

= Control
gate

FIGURE 5-39 Equivalent switch circuit for
a sample and hold.

bias conditions. Consider Fig. 5-39 as the equivalent circuit for a sample-
and-hold circuit. In the switch ON state Cstorage Will charge to the value
Of Vanalog. Ideally when the switch is turned oFF, the storage capacitor
will hold at whatever value Vanaiog had at the instant the switch was
opened. In practice, however, a charge will be transferred from the
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FIGURE 5-40 Typical charge transfer characteristic of the
DG181 JFET switch.

control gate through the switch capacitance into the storage capacitance.
This will result in an offset (error) voltage.

charge transfer (picocoulombs)

Voltage offset = = % (5-14)

hold capacitance (picofarads)

Using the JFET switch with an integrated driver circuit that was used
in the high-frequency example (see Fig. 5-11), we will examine the charge
transfer as a function of the analog voltage level. Figure 5-40 shows
this characteristic for the analog switch type DG181. In the OFF state
the FET gate is clamped to approximately —20 V. In the oN state the
gate is essentially at the analog voltage. In going from oN to OFF, then,
the control gate has a voltage swing of Vgg — Vanalog Volts. The curves
of Fig. 5-40 show an increase in charge transfer as Vapaog 1s increased.
The charge transfer is lower for the case where Rs is zero because a
part of the charge is shunted to ground through the signal source. This
shows that a lower signal-source resistance results in a lower error. Equa-
tion (5-14) indicates that increasing the value of the holding capacitance
will reduce the voltage offset resulting from charge transfer.

The JFET construction provides a good compromise between low
ON resistance and low coupling capacitance. A comparison of a PMOS
switch with the JFET characteristic will show a major difference. The
charge transfer characteristic of a PMOS switch type DG172 is given
in Fig. 5-41. The switch control circuit is similar to that shown in Fig.
5-18.
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FIGURE 5-41 Typical charge transfer characteristics
of the DG172 PMOS switch.

As may be seen from the two curves of Figs. 5-40 and 5-41, the
charge transfer characteristics for the DG181 and DG172 are similar
at G, = 100 pF and Rs = 0. It should be noted, however, that the
DG172 has a typical oN resistance of 200 —an increase in ON resistance
of six times that of the DG181. Values of capacitance greater than 100
pF in the charge transfer characteristics of the DG172 are seen to be
inferior to those of the DG181. The major factor which causes the storage
capacitance to be value-dependent is the large distributed gate-to-chan-
nel capacitance, plus the related circuit time constants.

CMOS devices provide an improvement over the JFET and PMOS
devices since two gates with complementary control signals are involved.
The two resulting charge transfers tend to cancel each other. The tran-

«» 60
o

FIGURE 542 CMOS charge
transfer characteristics.
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FIGURE 5-43 Improved inverting sample-and-hold circuit.

sient is therefore greatly reduced but not eliminated. This is shown in
Fig. 5-42.

An example of a means of compensating for the charge transfer is
shown in Fig. 5-43. In this circuit the charge transfer into the positive
and negative inputs of the inverting amplifier is nearly equal; thus the
net output voltage resulting from charge transfer is nearly zero. Capaci-
tor C; provides a means of adjusting for the nonequality of the two
switches in the DG181. (The particular layout of the DG181 results in
a slightly higher charge transfer. into D, than into D,.)

An added feature of this circuit is that the balancing effect of the
switch leakage currents results in a reduction in the voltage drop. For
designs requiring faster settling times, the noninverting circuit shown in
Fig. 5-44 may be used.
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FIGURE 5-44 High-performance noninverting sample-and-hold circuit.
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5-9-2 Switching Spikes

In switching circuits not involving capacitive loads, the charge transfer
during turn-oN and turn-ofF results in a transient voltage or current
“spike” or “glitch.” The FET switch itself is a high-speed device; the
turn-oN and turn-ofFF time is essentially that required to accomplish
the necessary gate-charge transfer. These times are typically determined
by the driver circuit. The faster the switch is toggled, however, the greater
will be the peak amplitude of the spike caused by the charge transfer.

The amplitude is also a function of the analog-signal source and load
impedances. Typically for the “voltage-mode” switch (Fig. 5-13), Rgic
is small so that the transient at the input does not contribute significant
error to the system. The apparent load impedance during the switching
period will depend upon the status of the other switches in the system.
For example, the output spikes will be lower if the switch of Fig. 5-13
is a “‘make-before-break” than if it is “break-before-make.”

The equivalent circuit of two channels is shown in Fig. 5-45. Assuming
the switch is an n-channel JFET with driver similar to that used in the
DGI181 (see Fig. 5-10), the turn-oN output spike will be positive and
the turn-ofF output spike will be negative. Switch 1 of Fig. 5-45 has
as an output load the parallel combination of R;, C., and switch 2. If
switch 2 is OFF, then its loading effect is essentially the capacitance Cyqaz.
Assuming Rgic is low, the spike appearing at the output is due mainly
to charge transfer from the driver through Cya;. In turning switch 1
from oN to OFF, part of the charge will flow through 7ps(n) and Rgc

SW;
Rsis Sy "ps(on) Dy
@' cg,.-L Switch1 chd,
1 G
~  Channel 10N Driver . Output
= CL Re
C —
Rsic Sz \dL’ D2 -
v AR
@ Cg,z _l- Sw2 Codz
1 G
Channel 2 OFF Driver

FIGURE 5-45 Equivalent circuit of two-channel multiplexer.
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to ground, so that initially the effective load consists of R, G, and
(Tps + RSIG) in parallel.

As the gate becomes more negative, 7ps will increase and approach
infinity as switch 2 turns oFF; thus (7psen + Rsig) will no longer shunt
the output. At the same time, Cyq is decreasing because Vpg is increasing.
These two variables plus the lack of a well-defined driver output pulse
shape make detailed analysis of the output pulse difficult. Such an analysis
has been presented in the analog switch handbook referenced above.

An approximation of the spike output amplitude can be made by
utilizing the charge transfer curves shown in Figs. 5-40 and 5-41, the
analog voltage level, and the output load. In the simplified equiva-
lent circuit shown in Fig. 5-46, the effective value of Cyq is Q/A Vs,
where Q is the charge transfer in coulombs, A Vgs is the change in Vgs
( Vanaloe — VEg), and Cgq is in farads. For example, let V4 = 0. From the
curve of Fig. 5-41, Q = 40 pC. Since Vgg = —20 V, AVgs = 20 V and

40 pC

—_ = F
20v 2P

Cyd ofy =
If the Rgg 1s not zero, then the Cyqofn will be increased because the

charge lost through the analog source will decrease. From the Rsig =
100 k2 curve of Fig. 5-25, Q = 66 pC at ¥, = 0 and

Cosoth = - = 3.3 pF

AVgs

FIGURE 5-46 Simplified circuit for charge
transfer analysis.

Figure 5-47 shows typical switching transients. Recovery or settling time
after the turn-oFF transient is essentially the time constant of R,C,; how-
ever, in a multiplexer application, when one channel is turned ofF, an-
other channel is turned oN, so that the settling time is a function of
7ps(on) rather than R,. Figure 5-48 shows a 32-channel two-level multi-
plexer with an output settling time of less than 200 ns.
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FIGURE 5-47 Typical switching times and transients.

5-10 SIGNAL CONVERSION USING ANALOG SWITCHES

Extensive use of the FET as an analog switch is made in signal conversion
systems such as analog-to-digital (A/D) and digital-to-analog (D/A) con-
verters. Increased use of digital techniques to replace analog systems
has resulted in the evolution of a multiplicity of converter types. There
are still occasions where nonstandard digital codes or analog voltages,
a modification of an existing design, or a new design is required. In
such cases, FET analog switches as described in this chapter may be
useful. Examples are presented below.

5-10-1 Weighted Network Converter

The majority of D-to-A converters available today are based on the
weighted network principle. An example of this in binary form is shown
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CH 32
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FIGURE 5-48 Practical two-level multiplexer.

in Fig. 5-49. Weighted currents are summed at the output node of the
network. The currents are produced from a voltage reference source
via an analog switch and a resistor. The value of the resistor depends
on the ‘“weighting” of the digit driving it. In the above example, the
current produced when the most significant bit is energized is Vger/R.
The second most significant bit operation produces a current Vees/2 R,
and the third most significant bit operation produces a current Vggs/
4R

In this case the currents are binary weighted. If the resistor values
were in decade ratios, the currents would also be in decade ratios. The
main drawback of this system is the large values of resistance that may
be necessary. For instance, for a 10-bit binary-weighted network with
R =1 kQ, the tenth bit has a value 1 kQ} X 210 = 1.024 MQ. To maintain

_____ [ _ 1 Output

Digital J S SN,V

inputs | — — _ _ ] —

FIGURE 549 Binary-weighted resistor D/A con-
verter.
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[ Y~—wm—p—0 Output
L

R

V== \ N\ AN/

R
VRer,1 © v
[
—< 2R FIGURE 5-50 Ladder network D/A
VREeF, 2 O A converter.

2R

the accuracy of the conversion over a temperature range, the resistor
ratios must track. This is difficult with resistor ratios of 1000 to 1. Also,
the impedance of the network varies with the input code. This can upset
the offset and drift of any following amplifier, and hence system accuracy.

5-10-2 Ladder Network Converter

A resistor system that achieves the same “weighting” performance with-
out the large range of values is the binary-weighted ladder network
with switches shown in Fig. 5-50. The resistor values have 2:1 ratios.
The operation of the ladder network can be understood by considering
a simple two-bit converter with Vzere equal to zero volts (shown in Fig.
5-51). With the most significant bit (MSB) equal to logic 1 ( Vagr1) and
the least significant bit (LSB) equal to logic “0” (Vggrz), the output
current I, will be Vger1/2 R.

In Fig. 5-52, with MSB = logic 0 and LSB = logic 1 (Vger), the
output current I; can be calculated using Kirchhoff’s equations for the
equivalent circuit shown in Fig. 5-53.

I 31
11=12+I3 2R12=R13 ]2=‘3 Ilz—g
2 2
2 Rll + 2 RIz = VREF R313 + RI3 = VREF
hence
Veer
L— L= =1 MSB
¥4 3 4 R 2
MsB
2R Output at
A ‘['*’ virtual ground
L8 2r 3R
L1 Point A FIGURE 5-51 Operation of two-bit
2R converter based on ladder network
o AAA principle.
VRer,2

o VREF,1
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—v MSB I:  Outputat
X 2R E virtual ground
LSB SR
X0 3
FIGURE 5-52 D/A converter with 4 @R
MSB operating. o VA
VReF, 2 2R
° VREeF,1

Thus L is now half the value observed in case 1. This approach can
be repeated for any number of bits.

Since the ratio of resistor values need only be 2:1, good temperature
tracking can be achieved relatively easily. Furthermore, the ladder net-
work has the advantage of constant output resistance. With reference
to Fig. 5-51, the resistance at point A, looking back into the two 2R
resistors in parallel, is R. From point B, this impedance is in series
with R, giving a total of 2R. Progressing toward the output mode, this
2R is parallel with another 2R gives R again. Repeating this for any
number of bits will show that the impedance of the network at the output
is a constant value, R, independent of the input code. This permits
the addition of precision gain amplifiers to the converter to produce
voltage outputs. The amplifier feedback resistor can be part of the resis-
tor network to produce precise thermal tracking.

5-10-3 Recirculating A/D Converter

Figure 5-54 is but one example of a binary A-to-D converter based
upon operational amplifiers and FET analog switches. The principle
of operation is relatively simple:

1. The input V4 is sampled when switches S; and §; are closed
and §; and S, are open.

2. The sample is applied to the amplifier 45, which is in its
reference mode.

a. If V, is greater than Vzer, the control logic output is

a logic 1, and the amplifier will subtract Vger from V4

and multiply the result by 2. This result is then recircu-

lated via switches §; and $; and treated as a new input.

Output at
virtual ground

2R
I=0

VREF,1

FIGURE 5-53 Equivalent circuit of Fig.
5-52.
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Clock
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2(Va-WR)

FIGURE 5-54 Recirculating A/D converter.

b. If the input is less than Vger, the logic is a 0, and the
amplifier will be switched to multiply the ¥, signal by
2; this output signal is then recirculated as a new input.
This would be repeated over a number of cycles up
to the resolution capability of the unit, at which time
S; will open to input a new sample.

The resolution of the converter may be improved by generating more
cycles between signal sampling intervals. Switching spikes, which are
created when the analog switches in the system are closed, can cause
inaccuracies. The overall accuracy is critically dependent on the precision
of the analog amplifiers.

The output will be in serial form but can, by the addition of a serial-
to-parallel converter, be in parallel form. This design has been fabricated
in monolithic PMOS integrated-circuit form. To compensate for MOS
amplifier drift, the converter has an auto zero mode which is introduced
prior to each input sample. In this mode, the input is grounded via S,
(Fig. 5-54) and the output added to the analog amplifier reference for
the next series of conversion cycles.

5-10-4 Deglitching

When the input digital code changes in a D/A converter, some switches
turn oN and others turn orfF. The number of switches operated depends
on the exact code change. However, since all types of switches have
different turn-oN to turn-ofF responses, there will be rapid changes
through many varying codes during the short transitional period. This
results in transient spikes or “‘glitches” (Fig. 5-55). The magnitude of
the glitch that can be tolerated depends on the overall system accuracy
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010, 011 , 001, 010,000,001,
—t— t ——
Perfect
converter '—r_—L_rI‘_

Practical W
converter
FIGURE 5-55 Sample-and-hold

waveforms. Sampling || ” || “ ” ”

pulses

required. A low-pass filter would reduce the glitches, but for high accu-
racy, a sample-and-hold circuit is often placed after the converter output.
The sample-and-hold switch is controlled by a pulse lying within the
digit period, such that the sample is taken between transients, when
the output is stable.

In circumstances where the input signal to an A/D converter may
be changing by a value which is more than the least significant bit,
during a complete conversion cycle it is possible to use a sample-and-
hold before the converter to provide a stable input.

5-11 CONCLUSION

This chapter has presented some of the characteristics and applications
of the FET as an analog switch. A large percentage of all FET applications
are for switching. Several reasons for using a solid-state switch in place
of a mechanical switch are obvious: high packing density, remote opera-
tion and no mechanical linkage, and reliability. These advantages apply
to bipolars and FETs. FETs have several additional advantages:

O High oFF to oN impedance ratios

O Bilateral operation for large analog signal swing

O Low power drive due to voltage-control action
Because of its widespread acceptance, the FET has been incorporated,
as a switch, into many types of integrated circuits. For a more extensive
treatment of this application of the FET, the reader is referred to a

book available from Siliconix, Inc., Analog Switches and Their Applications,
1980.
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6-1 The Nature of Voltage-Controlled Resistors
6-2 VCR Characteristics of FETs
6-3 How to Use the FET as a Voltage-Controlled Resistor
6-4 Signal Distortion: Causes
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6-1 THE NATURE OF VOLTAGE-CONTROLLED RESISTORS

A voltage-controlled resistor (VCR) is a three-terminal device in which
the resistance between two terminals is controlled by a voltage applied
to the third terminal. The field-effect transistor is a device whose channel
resistance is a function of its gate voltage; thus it can be used as a
VCR. In this chapter we will describe the VCR characteristics and applica-
tions of n-channel JFETs. The principles can be applied to other types
of FETs.

6-2 VCR CHARACTERISTICS OF FETS

Some of the unique resistance properties of the JFET can be deduced
from the low-voltage output characteristic curves shown in Fig. 6-la.

233
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Y650

-200 -400
V,mvV

Four fixed resistors
(b) Resistor characteristics

(a) n-Channel JFET output characteristic enlarged
around Vps =0

FIGURE 6-1 Comparison of FET and resistor characteristics.

The slope of the output curve Vps/Ip is a function of Vgs; thus the
drain-source resistance rps is controlled by Vgs.'* For comparison the
characteristics of four resistors are shown in Fig. 6-15. It can be seen
that 7pg of the FET is also a function of Vpg; however, this effect is
small if Vgs or Vps is small compared to Vs o).

The drain-source resistance with Vgg = 0 and with Vpg either at zero
or at a very low value is given the symbol 7psn). A graph of rps versus
Vs normalized to 7ps on) and Vs osn) is shown in Fig. 6-24. Characteristics
of typical devices with various geometry sizes and various values of Vgs (ofp)
are shown in Fig. 6-2b. For a given geometry, units with high Vs
have the lower 7psn). Units with the lower 7psen) Will also have the
highest Ipss. The relationship between these three parameters is approxi-
mated by the equation

Vs (ot

6-1
2 Ipss ©-1)

"DS(on) = —
FETs specifically characterized for use as VCRs are offered by several
manufacturers. Both n-channel and p-channel types are available. Figure
6-3 shows that 7psn) versus Vgs o relationship of two p-channel types
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FIGURE 6-2 (a) Normalized ry versus Vgs and (b) typical n-channel JFET
characteristics.

and three n-channel types offered by Siliconix Inc. These five device
types cover a range of rps(on) values from 20 to 8000 Q. A FET does
not have to be specifically characterized as a VCR to be useful in that
function. For example, if a lower value of g is needed, the type 2N5432,
which has an 7psn) range of 2 to 5 Q, may be used.

-
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FIGURE 6-3 rpg(on (drain-source re-
sistance at Vps = Vgs = 0) varies as an
inverse function of Vgscomn.
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6-3 HOW TO USE THE FET AS A
VOLTAGE-CONTROLLED RESISTOR

Figure 6-4 shows a simple voltage-divider attenuator circuit using a FET
VCR to provide a means of voltage-controlling the attenuation. As Veontrol
is changed from zero to Vs of the FET, rps changes from 7pg(on) to
infinity. Letting gas = (7ps)~%, the output voltage is

Rioaa(1 + gasRicaa) !

Vout = V4 6-2
v I R 4 Ricaa(l + ZasR10aa) ™! ©2
Vi 0— b

I b

Vin gg-@) VCR Ru
- ¢S Vouf
Ve
| 7 l
(o

FIGURE 6-4 Simple attenua-
tor circuit.

When Vgs approaches Vs (ofn, gas approaches zero and the FET causes
no signal attenuation. If the load resistance is very large compared to
R and 7ps(on), Eq. (6-2) can be simplified to

1
Vout = Vin——— 6-
=V R (6-3)
In Chapter 2 [Eq. (2-8)] it was shown that
Vs ot — Vi
gus=g dso..is%)_cs (6-4)
GS (off)
Using this equation we can express Vou as a function of Vgs:
Vin
Vout = (6-5)

1 + Rgasol Vs ot — Ves)/ Ves cotn]

Figure 6-5 shows the calculated Vout/Vin versus Vgs for the circuit shown -
in Fig. 6-4, assuming the constants indicated and assuming that the output
is small compared to Ves — Veson. For a given output voltage, as Vgs
approaches Vgs o, nonlinearity increases and distortion increases.

6-4 SIGNAL DISTORTION: CAUSES

Figure 6-1a shows that rps increases as Vps increases in a positive direc-
tion. This change in 7ps causes the distortion encountered in VCR cir-
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FIGURE 6-5 Calculated V,u/Xi, for circuit of Fig. 6-4.

cuits; it occurs because the channel depletion layer is a function of Vpe
as well as Vgs (see Figs. 1-7, 1-8, and 1-9). The output conductance
gas approaches zero when either Vgs or Vgp approaches Vgsor. Also,
when Vpe swings negative more than a few hundred millivolts, excessive
gate current will flow and cause a dc offset voltage at the drain. This
is due to the gate-drain p-n junction becoming forward-biased.

6-5 REDUCING SIGNAL DISTORTION

Distortion can be reduced and signal-handling capability increased by
a simple negative-feedback technique. A portion of the drain signal is
coupled to the gate as shown in Fig. 6-6. The desirable effect of this
feedback can be explained as follows. If the gate-source voltage is fixed,
- a positive-going drain voltage tends to decrease the channel thickness,

Ry
O- AA O
R

Vi 2

" _ R3 ver  Vout

\
FIGURE 6-6 VCR linear- &T
ization. o— 7o)

Rp=R3>10(rps# Rigad /R1)
VCR linearization
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FIGURE 6-7 VCR feedback isolation with voltage followers.
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thus causing an increase in 7ps. By applying a part of the positive-going
drain voltage to the gate, the gate-source voltage is made more positive
(or less negative) and the thickness of the source end of the channel
1s increased. This compensates for the positive-going drain-gate voltage.
A similiar effect occurs with a negative-going drain voltage.

This method of making Vgs a function of Vps decreases the effect
that Vps has on ggs, and thus distortion is reduced. The greatest improve-
ment occurs when about % Vps is added to Vgs; thus in Fig. 6-6 R, =
Rs. To avoid excessive loading of the signal, Rz + R3 should be much
greater than R;. If the dc control voltage must be blocked from the
output, then a capacitor should be placed in series with R;.

If the coupling of ac control signals from the gate to the output
must be avoided, a voltage follower may be added to the feedback loop.
Figure 6-7 shows three methods of doing this. Figure 6-8 compares
the output characteristics of VCR circuits with and without feedback.
It is obvious that linearity is greatly improved with feedback.

It will be noted that a sharp increase in Ip will occur if Vgp exceeds
about 0.6 V. This drain-to-gate current results from the forward-biased
drain-gate junction, not from a rapid change in channel conduction.

For comparison, a straight line representing a fixed resistor attenuator
is superimposed on each of the output characteristics in Fig. 6-8.

6-6 LINEAR GAIN CONTROL WITH VCR

The simple attenuator circuit of Fig. 6-4 provides a Vout which has a
reciprocal relationship with the control voltage Vgs. A linear control
of gain can be achieved with the circuit shown in Fig. 6-9. This is a
modified ordinary noninverting operational amplifier with feedback. The
feedback is controlled by a FET VCR. The gain function of this circuit
1s

Av=1+ Rigus (6-6)

where gys 1s the FET conductance (= 1/7pg).

FIGURE 6-9 Amplifier with VCR gain
control.
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Using Eq. (6-4) we can express the circuit gain as a function of the
control voltage Vgs:

Vas oo — Ves

Av=1+ ngdsa (6-7)

Ves otn

A minimum gain of unity occurs when Vgs is equal to or greater than
Veso; the FET channel is pinched off and ggs = 0. As Vgs is made
less negative than Vgs (o, g4s and thus Ay will increase in a linear fashion.
When Vs reaches zero and goes positive, Ay will continue to increase.
As has been pointed out before, when Vgp exceeds a few tenths of a
volt-positive, appreciable dc drain current will flow; therefore operating
with positive Vgp or Vgs should be done with caution.

As was shown with the attenuator circuit, distortion in the gain-control
circuit is reduced with drain-to-gate feedback. An op amp in the feedback
isolates the output from the control V. The feedback circuit attenuates
the control signal so that Vgs = 1V The voltage-gain equation for
Fig. 6-7 can be written as

Ve
Ay=1+ Rigaso (1 ————"—) (6-8)
2 Ves ofty

Figure 6-10 shows the calculated gain function for the circuit of Fig.
6-9. The 7psen) and the Vgsem of the FET VCR are assumed to be
30 © and =5 V.

If the application requires that the minimum gain be greater than
unity, the FET may be shunted with another resistor as shown in Fig.
6-11. The factor R1/R; is added to the gain equation, which becomes

R, ( Ve )
Ar=1+"2+ Rygao (1 ——— 6-9
v R, 18as 2 Vas (ot ©9

Figure 6-12 shows several types of applications for VCRs. When choosing
a FET to function as a VCR, there are several factors which should be
considered:

Ay=101at Vc=0

10N

80 Ves(off) =~ 5V
Vbs(on) = 300
60 R, = 3K

a0 |

Minimum
Av=1 FIGURE 6-10 Amplifier gain vs. control
1 l 1 1 A voltage.
+2 0 -2 -4 -6 -8 -0 -12
Control voltage V¢ ,V

20
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FIGURE 6-11 Add-
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gain.

1. At low voltages the FET channel conducts equally well
in either direction. No p-n junctions exist between the
source and the drain; thus there is no inherent dc offset
voltage.

2. The FET VCR behaves as a linear resistance only for small
values of Vps.

Vi —o0V,
" out Vin0—| Vout

(a) Phase retard circuit (b) Phase advance circuit

Video
input
Vin ‘out
VCR VCR
o e o
Ves
e
(d) Circuit increases overall dynamic range (e) Voltage controlled variable gain amplifier. Tee

attenuator provides for optimum dynamic linear
range attenuation
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T 1 '
> 3
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(f) Voltage-tuned filter octave range with lowest Veontrol
frequency ot JFET Vgs (off) and tuned by Rz
upper frequency is controtled by Ry O

(g) Wide dynamic range gain control
circuit

FIGURE 6-12 FET voltage-controlled resistor applications.
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3. The channel conductance ggs is approximately a linear func-
tion of Vgs.

4. The nonlinearity of s increases as Vgs approaches Vs (on-

5. To improve linearity of the output characteristics and thus
lower distortion, apply } of Vps to the gate with a feedback
circuit.

6. FETs with high Vgsem will have a larger dynamic range
than those with low Vgs ofp-

6-7 ANALYSIS OF FEEDBACK LINEARIZED VCRs

The FET as a VCR is typically used in applications where Vps is small
and swings £ about zero. The V-I characteristics near the origin are
shown in Fig. 6-1a. In this region, where Vp¢ is less than —V}, and Vs
is less than Vj, Ip can be approximated by the quadratic function?

_ 2IpssVps (Ves — Vo — $Vps)
V3

Based on this approximation, the relation between distortion and control
range maximum to minimum attenuation will be described. The simple
attenuator circuit of Fig. 6-4 less R, will be used. Most applications
can be based on this simple example. The conductance at any point
in the first and third quadrants of Fig. 6-1 is

Ip

(6-10)

Ip 2Ipss ( VGS)
=2 ) -G8 6-11
Gps Vos v v ( )
Ipss ZasoVps
_ Ve = e - 8950708
( Vp)2 DS = 8ds 1A

where gys is the differential conductance at the origin; when Vgs = 0,
then gas = guso. The attenuation for the circuit of Figure 6-4 is
Ve 1

i 1+ RGps

RgasoV;
[1+Rgds+ £dso 71

2Vp{1 + Rgas + RgasV1/[2Vp(1 + Rgas)]}

-1
] (6-12)
To reduce Eq. (6-12) to a more tractable form, the following inequality
is introduced:

" Rgdso
2Vp(1 + Rgys)?
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so that Eq. (6-12) can now be approximated by the expansion

4 RgdsVl )
Vo= 1— +e 6-13
2 1+gdsR( 2Vp(1 + Rgas)? ©6-13)

Only the second harmonic will be considered for the distortion, since
the third is much smaller. For small distortion (d <<'1 and Rgaso >> 1),
Vledso
—_— 6-14
4|Vp|(l + Rgus)? ( )
If V3 is held constant,
VzRgds ~ Vz
A4Vp|(1 + Rgas)  4|Vo— Ves|

d= (6-15)
Figure 6-13 shows a comparison of measured and calculated distortion.
If Vs approaches Vp, the above restrictions are violated; the expression
for the distortion can no longer be applied. If Vpe becomes negative
enough for appreciable I to flow (the gate-drain junction is forward-
biased), the distortion will be higher than predicted. From Eq. (6-15)
we get for a prescribed maximum distortion a maximum amplitude as
a function of Vgg:

Vamax = 4 dmax | Vp — Vs | (6' 16)
10
[ 2 |
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For a given dyax and Vamax the ratio of minimum to maximum attenuation
is

Amin _ m 1 + Rgpss ~ 4 dmax| Vp|

Amex 1+ Rgoss Vemax/ (4max|Vp)  Vomax

valid only for m > 1. Note that the maximum distortion is reached only
for minimum attenuation. Examples:

dmax = 10 percent Vzmax =0.001V,m =400
dmax = 1 percent Vomax =0.01V,m=4

(6-17)

Although these relations are only first-order approximations, they give
a good estimate of FET attenuator characteristics. The maximum ampli-
tude is proportional to V,. FETs with high V, are desirable for attenuator
applications. Unfortunately, the majority of commercially available FETs
are made with low V), for use in amplifiers.

There are several means of reducing distortion. By connecting two
identical FETs in antiparallel or antiseries, nonlinearities can be can-
celled out to a certain extent. A better linearization is possible using
one FET with feedback. It has been shown above that the characteristics
would be symmetrical if Vgp were the control voltage in the third quad-
rant. If 0.5Vps is added to the control voltage, the two voltages Vgs
and Vgp interchange when Vps changes sign:

Ves = Vu+ 0.5Vpg

(6-18)
Vep= Vua—0.5Vps
Then Eq. (6-18) used in (6-12) gives
21
I="2 Vos(Va— Vp) (6-19)
V3
Vi R Va2 Vi Ry Va
o—WWA\—<¢—— o O— MW -0
:»RZ
A 1.1 %
1 Vs 4 A~ VH
O O O -0
(a) (b)

FIGURE 6-14 (a) Controlled JFET attenuator and (b)
controlled attenuator with “feedback” making char-
acteristics linear and symmetrical.
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The resulting characteristic is linear and symmetrical about the origin.
The improvement in distortion performance can be seen in Fig. 6-13.
A distortion of 12 percent for V, = 0.1V, at Vgs = 0.8V, is reduced
through linearization to 0.1 percent. Figure 6-145 shows a possible cir-
cuit. The frequency range of the controlled signal must be much higher
than that of the controlling signal Vy to keep the direct interference
of Vy on V3 small. Rs is set for minimum distortion. If V, and Vy are
in the same frequency range, a high-impedance amplifier must be used.
V2 1s at the input; the output 1s connected to the FET gate. The amplifica-
tion is approximately 0.5 (adjustable). The control voltage is introduced
through a second input so that no direct interference with V, occurs.

6-8 FET AS A CONSTANT-CURRENT SOURCE

The ideal “constant-current” source would supply a given current to
a load independent of the voltage across the load. In such a case the
output conductance of the current source would be zero. Also, ideally
the current would be independent of temperature. The drain current
of the JFET approaches saturation when the JFET is operated with the
gate-drain voltage greater than Vgsem. Under this condition the output
conductance ggs 1s low, and the FET can be used as a current source.

Figure 6-15aq illustrates a differential amplifier stage utilizing a FET
as a constant-current source to provide a current Is which is fairly inde-
pendent of the common-mode voltage. The U401 dual FET is character-

+15V +15V
$ 20K £ZOK 20K 320K
—0 +—o0
Vout Vout
O ——O
u40t U401
I Qq Q2 | ¢ Q4 Q2
Vin Vin
o o—
$1s= 400 pA $1s= 400 pA
Q3 Q3=
selected 2N4868
Rs
(a) (b)
o
-5V =15V

FIGURE 6-15 FET current source for differential ampli-
fier.
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ized at Ip = 200 pA; therefore the common-source current Is should
be set at 400 pA.

For example, we will assume that the Siliconix Inc. JFET geometry
NS is used for the FET current source Qs. If a device which has an
Ipss =400 pA is selected from this geometry, then its gate can be shorted
to its source as shown in Fig. 6-15a. The typical performance curves
for the NS geometry indicate that the selected device would have Vgt
less than 1 V and an output conductance of less than 1 pmho.

Figure 6-15b includes a resistor Rg in the source of Q3. This permits
a wide range of Ipss values to be used and avoids the necessity of using
a selected device. Qs could be a standard device such as the 2N4868,
which is made with the Siliconix NS geometry.

The 2N4868 has an Ipss range of 1 to 3 mA and a pinchoff range
of —1 to —3 V. The approximate Vgs required for I is

I \2
Vo= VGS(off)[ 1- (“2‘) ] (6-20)
Ipss
The source-resistor value can be determined by
Ve
Rs= -G8 (6-21)
Ip

In our example, then, Rs should be adjustable from 840 Q to 7.4-kQ.

In the circuit of Fig. 6-154, if the common-mode input voltage is
zero, Q3 could be replaced with a 37.5-kQ) resistor (neglecting the Vg
of the input pair). With the —15-V supply, this would provide the desired
400-pA Is. If, however, the common-mode voltage varies from, say, +5
to =5 V, then Is would vary from 533 to 267 pA (again neglecting
the small Vgs change of the input pair). In the case of the FET current
source, assuming an output conductance of 1 pmho, the current Is would
change only from 405 to 395 pA.

In the above example with the source resistor, the +5-V common-
mode input signal would cause a 2.66-V peak-to-peak common-mode
output. The use of the FET as a current source reduces the common-
mode output to 0.1 V peak-to-peak. To achieve a similar low common-
mode gain with a resistor, the source supply would have to be increased
to —385 V so that the source resistor could be increased to 1 MQ.

The output conductance ggs of the FET is an important characteristic
in its application as a current source. For a given geometry, gu is a
function of Ip and an inverse function of Vps. When adjusted to a given
Ip, as in Fig. 6-15b, g4s will be lower for FETs which have lower pinchoff
voltage. For example, the performance curves for the Siliconix NS geom-
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etry indicate that units having 5 V, 3 V, and 2 V pinchoff will, respectively,
have ggs of 0.75 pmho, 0.58 umho, and 0.42 pmho, when biased for
an Ip = 2 mA.

These curves and typical curves for other geometries indicate that
the gus-versus-Ip relationship has the form

n
= g (1) (6-22)
Ipss

where gus, and Ipss are values at Vgg = 0. This form is similar to the
grs-versus-Ip relationship. The value of the exponent n is a function of
the device geometry and of the pinchoff voltage. For the various n-chan-
nel geometries evaluated, the exponent n lies between 0.33 and 0.9,
with the higher-pinchoff units having higher values for n. However, the
higher-7V}, devices also have a higher guso/ Ipss ratio.

Long-channel geometries will typically have a much lower gus/Ip ratio
than will short-channel geometries. For example, when biased to an Ip
= 1 mA, a device made from Siliconix NS geometry has gg = 0.35
pmho. Another device with a similar V), but made from the NRL geometry
has ggs = 10 pmhos at Ip = 1 mA. The NS is a long-channel geometry
designed for low-noise, low-frequency amplifier application; the NRL
is a short-channel geometry designed for VHF applications.

In the circuit of Fig 6-156 the output conductance of the current
source will be lower than simply the gas of the FET. It is reduced by
the degenerative feedback developed across the source resistor Rs. The
approximate output conductance including the effect of Ry is

1
8o gds(l T ngfs) (6-23)
Since the required value of Rs will be greater for units with higher Vp,
the feedback will be greater. This gives some compensation for the
higher ggs of the high-Vp units.

In estimating the value of gys for a given device, it should be remem-
bered that it is a function of both Ip and Vps. The relationships of gas
versus Ip and ggs versus Vpg are functions of both the device geometry
and Vgseom. It is probably easier to determine gys at a particular operating
point by studying the performance curves given in the manufacturer’s
data book than to depend entirely upon a formula. Figure 6-16 shows
typical performance curves for two of Siliconix Inc’s n-channel JFET
geometries. For both of these geometries it can be seen that gg is a
function of Ip, Vps, and Vgsotn)-

The rate of change of gy versus Vpg increases rapidly as Vpg
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FIGURE 6-16 FET output conductance characteristics.

approaches —Vgseofn. This indicates another advantage of units with low
values of Vgseotn; they will perform well at low voltage.

The effect of temperature upon Ip was discussed in Chapter 2 (Sec.
2-10). For devices operating at Ipss, such as Q 5 in Fig. 6-144, the tempera-
ture coefficient (6;) of Ip will be a function of Vgse. If the pinchoff
voltage is 0.65 V, 8, will be near zero. Higher-pinchoff units will have
a negative 0;, and lower-pinchoff units will have a positive 8,. The higher-
pinchoff units can be biased to approximately Ves = Vgseom + 0.65 V
to achieve zero 0, The use of a source resistor as in Fig. 6-14b can
improve both the g, and the 6, of the current source.

6-9 CASCADE FET CURRENT SOURCE

Output conductance can be further reduced by cascading two FET's as
shown in Fig. 6-17. In effect this circuit is similar to the current source
of Fig. 6-15b, except that as a feedback element Rs is replaced with
the output conductance of Q,. The approximate output conductance
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g

Q2
Q1

Rs
FIGURE 6-17 Cascade for lower g,.
-15V
of the circuit of Fig. 6-17 is given by

go=— b2 (6-24)

T 1+ (gra/gor)

where g is given by Eq. (6-23). In this circuit ggs will be higher than
might be expected because Vps of Q; is only equal to —Vgs of Q.

6-10 CURRENT-REGULATOR DIODES

The desirable characteristics of the FET as a constant-current source
stimulated the development of the current-regulator diode. One version
includes an integrated source resistor to improve current control and
to lower g, and 6;. Figure 6-18 shows the schematic, the symbol, and
the equivalent circuit for this type of current-regulator diode. Examples
of these units are Siliconix types CR022 through CR470. Three different
geometries are used to cover the current range of 220 pA to 4.7 mA.

In Fig. 6-18 the diode I-versus-V characteristic curve is shown, and
commonly used symbols and definitions are also given. Note that the
drain end of the FET is called the anode and the source the cathode.

Ie
ZK Zd + + +
|
POV @1.1 Igq (max) ’
-~ Ig - Cq
VL@ 0.8 I (max) Za
v Rs [
R 6oV 25v 100V ~F ;LL
> Rs
Ig = = =
(a) Current-limiter diode V-1 characteristic (b) Equivalent circuit

FIGURE 6-18 Current-regulator models and V-I characteristics (Siliconix CR022-
CR470). '
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FIGURE 6-19 Current regulator applications.

The FET current-limiter diode is the electrical dual of the zener diode
voltage regulator. The FET diode has low output conductance g, while
the zener diode has low output resistance 7,.

Figure 6-19 shows several applications of the FET current-regulator
diode. Some of the more important applications of current regulators
include low-voltage references. Zeners are not available at voltages below
4 V. A precision voltage or millivolt reference is constructed in Fig.
6-19 where the current regulator simply drives a resistor. The output
reference voltage is simply determined by IrR.

Another benefit that cannot be obtained with zener references is the
low noise of this voltage reference, constructed using the current regula-
tor and a resistor. Neither of these devices is operating in a mode which
contributes significant noise, especially at low frequency (which is hard
to filter).

Consider the current regulator and resistor as a method of obtaining
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low-noise regulators even in the normal zener voltage range. One word
of caution: the output impedance in this circuit (Fig. 6-194) is determined
by the resistor R.

An excellent solid-state zero temperature coefficient (0TC) voltage
reference source is shown in Fig. 6-195. Here we have combined an
OTC zener with an 0TC current regulator. Ripple from Vi, to 74 in
Fig. 6-19b is reduced by more than 120 dB.

A very important application of FET current limiters is in dc coupling
between gain stages and level shifting. Figure 6-19 ¢ shows methods of
dc coupling between two transistor stages.

The use of the zeners and/or current regulators substantially reduces
the gain loss otherwise encountered in resistive coupling dc amplifiers.

Differential amplifiers typically utilize current sources in the common
emitters or common sources to help achieve the common-mode rejection
of these amplifiers. Figure 6-15 shows how the FET current regulator
is used in the differential amplifier. For the FET amplifier, common-
mode rejection is

CMRR ey = 1 +2g5 Za (6-25)

where Z; = output impedance of current source
grs = transconductance of the amplifier FETs

The output impedance of the current source is the key to improving
common-mode rejection.

Single-ended transistor amplifier performance can be improved using
current regulators. Figure 6-19 d shows three different amplifiers using
emitter and source current-regulator biasing. In the emitter follower
the current regulator significantly increases the input impedance to the
circuit and develops a gain closer to unity; less obvious is a lower transis-
tor dissipation when supplying a heavy external load.

In the FET common-source amplifier the dc bias point is well defined
using the FET current regulator. This allows zero temperature coefhicient
biasing of the amplifier. The same bias temperature stability is achieved
in the source-follower circuit.

Another important application of the current regulator is in high-
speed bootstrapping circuits. Figure 6-20 is a high-speed line driver
using VMOS. In this circuit the current regulator CR047 minimizes
power dissipation, at the same time maximizing speed. When Q; turns
oFF, the CR047 discharges the parasitic capacitance rapidly in a con-
trolled manner, turning oN Q by enhancing the available gate voltage.
Once the voltage across the current regulator drops below the limiting
voltage V7, it becomes very low resistance; thus the gate is tied to the
top of the bootstrap capacitor.
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6-11 WAVEFORM GENERATION USING
CURRENT REGULATORS

A simple linear sawtooth generator can be constructed as shown in Fig.
6-21a. The use of the current regulator in series-opposing fashion makes
possible the generation of high-quality triangular waves from a sine-
or square-wave source, as Fig. 6-21billustrates. Square-wave drive results
in a better waveform at the zero crossings. Output frequency is identical
to the input frequency.

-
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,c—.'

J-]

o

k-7l

o

(a) Linear sawtooth generator

—HoT—

»
1. VN

Vo PP [

(b) Triangular waveform generator or integrator

FIGURE 6-21 Waveform generation.
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FIGURE 6-22 Pulse-width modulator.

A very useful application of the triangular-waveform generator is in
pulse-width modulators, where the triangle wave is compared against
a feedback voltage. The output of the comparator is an accurate pulse-
width-modulated representation of the analog feedback voltage (Fig.
6-22).

A conventional clipper circuit or square generator is shown in Fig.
6-23a. One disadvantage is the poor dynamic resistance encountered
in the low-voltage zener, which results in the fairly poor output waveform
shown. The simple addition of series-opposing current regulators, shown
in Fig. 6-235, results in a flat-top output waveform and an eflicient circuit.
The output waveform is =(Vz + 0.7) V.

As shown in Fig. 6-24, FET current-regulator diodes can be connected
in series to extend the voltage range, in parallel to extend the current
range, and in series-opposing to function as a bidirectional current lim-
iter.

Rt Dy D2

O AN ~—epeeeO o__@_@____o Flatter top

Less
crossover

A distortion
/\/ Vin Z \}E\ /\/ Vout /\/ Vin Z4 \j‘b Voutd- - _

L ——) o——-—J—o

(a) Resistor zener (b) Current regulator and zener

FIGURE 6-23 Square-wave generator or clipper.

-GGk o

(a) Voltage range (b) Currentrange
extension extension
FIGURE 6-24 Series and parallel

connectors.

:

(c ) Bidirectional current
limiter
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6-12 POINTS TO REMEMBER WHEN CHOOSING
FETs AS CURRENT SOURCES

1. Shorting the gate to the source of a FET makes a simple
current limiter.

2. Put a resistor in series with the source of a FET (Fig.
6-18) and you have a low-temperature-coefficient, high-
output-impedance current source.

3. Place two FETs in a totem pole configuration (Fig. 6-17)
and you increase the output impedance of the current
source by more than an order of magnitude.

4. Applications requiring two-terminal current regulators
without an internal supply are made very simply using de-
pletion-mode FETs.
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7-9 Amplifier Applications

7-10 RF Power
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7-1 INTRODUCTION

Field-effect transistors, like their bipolar cousins, were for the first several
years of their existence useful only at low (<1 W) power levels. While
they possessed many theoretical advantages over their bipolar counter-
parts, the practical limitations in manufacturing high-power devices pre-
cluded FETs from competing with bipolar transistors and SCRs in power
applications. The major limitation was that FETs were strictly horizontal
devices; that is, their channels were parallel to the chip surface, so that
their current densities were much lower than the bipolars’ (which utilized
vertical current flow). For a given current, the FET chip area had to
be considerably larger, which meant a lower yield and higher cost. Me-
dium-power FETs were therefore more costly to fabricate than their
bipolar counterparts, while high-power FETs were nearly impossible.

Several new technologies have recently been developed to increase
current density and allow production of high-voltage, high-current FETs.
Three of these technologies—VMOS (vertical MOS), V-JFET (vertical
JFET), and DMOS (double-diffused MOS)—are presently in production

255
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at various semiconductor companies. At the time of this writing (1980),
VMOS devices with ratings of 12 A and 60 V and with ratings of 5 A
and 400 V were available.

7-2 THE VMOS TECHNOLOGY

Figure 7-1 shows a cross section of a VMOS channel. The substrate,
which becomes the drain and provides a low-resistance current path,
is n* material. An n~ epitaxial layer (epi) increases the drain-source
breakdown voltage by absorbing the depletion region from the drain-
body junction, which is normally reverse-biased. Also, the epitaxial layer
greatly reduces the feedback capacitance since the gate overlaps n™ rather
than n* material.

A p~ body and n* source are then diffused into the epi, followed
by the preferential etching of a V groove through the source and body
and into the epi. Oxide is then grown and aluminum metalization depos-
ited to form the source connection and gate. Finally, the chip is passivated
(covered with glass) to keep contaminants from penetrating the gate
oxide.

The processing, up to the point where the V groove is etched, is
similar to that of the double-diffused epitaxial planar bipolar transistor,
shown in Fig. 7-2 for comparison.

In operation, both the gate and drain are positive with respect to
the source and body. The gate produces an electric field which induces
an n-type channel on both surfaces of the p-type body facing the gate,
allowing electrons to flow from the source, through the n-type channel
and epi, and into the substrate (drain). Because current flow is entirely
through n-type material, the VMOS is a majority carrier device similar
to other types of FET's. A greater gate voltage enhances a deeper channel,
so the current path from the drain to the source is wider and current
flow is increased. For example, the VN66AF VMOS FET will conduct

Source Gate Source
Si02
n+ n+
P [
n-epi \/
l n* substrate {" FIGURE 7-1 The cross section of a
7 r VMOS channel.

é Drain
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about 650 mA of drain current with 5 V between the gate and source,
and 2 A with 10 V gate-to-source.

Figure 7-3 shows a conventional horizontal MOSFET. The n* source
and drain are simultaneously diffused into the p-type substrate, which
also serves as the body. Current flows horizontally from source to drain
through the channel, which is induced on the top surface of the substrate.

The vertical structure of VMOS gives it several important advantages
over conventional MOSFETs:

1. The length of the channel is determined by diffusion
depths, which are much more controllable than the mask
spacings used to define the channel length of conventional
MOS. With the shorter channel the width/length ratio of
the channel—which determines current density—is greater.
For example, the length of the VN66AF channel is about
1.5 pm, while in a conventional MOSFET 1t is about
5 pm.

2. Each V groove creates two channels, so current density
is doubled for each gate stripe.

3. The substrate forms the drain contact, so drain metal is
not needed on top of the chip. This further reduces chip
area and keeps the saturation resistance low.

4. The high current density of VMOS results in low chip
capacitance, especially the feedback capacitance (gate-

Source Gate Drain
? Aluminum

e/ mA m Y m
U n ) . \ Y g

substrate and body

FIGURE 7-3 The cross section of
a conventional horizontal MOSFET.
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* drain), since the overlap of the gate and drain is kept to
a minimum. Extra gate-drain overlap must be allowed in

- conventional MOSFETs to guard against mask misalign-
ment.

7-3 THE VERTICAL JFET AND DMOS TECHNOLOGIES

Figure 7-4 is the channel cross section of the vertical JFET, another
type of power FET which, like VMOS, has a high power density and
high breakdown voltage capability. In the vertical JFET (V-JFET), current
flows vertically from the drain through the channel between the gate
fingers and into the source. A negative gate voltage —Vgs causes the
depletion region to reach further into the channel, reducing its width
and constricting current flow. Ultimately, when the gate is sufficiently
negative, the depletion regions from adjacent gate fingers touch, and
current flow is stopped altogether. However, because the channel is
short, it is not pinched off by increasing the drain voltage, as it would
have been in a conventional longer-channel JFET.

The output characteristics of one type of JFET (2SK60) are shown
in Fig. 7-5. The drain current does not saturate with increasing drain
voltage but continues to be a function of drain voltage. The characteris-
tics are similar to those of a triode vacuum tube; i.e., Alp/AVpg is fairly
large, and the voltage amplification factor gr/gas is quite low—on the
order of 5.

The vertical JFET is necessarily a depletion-mode device (ON when
Ves = 0), while VMOS are typically enhancement-mode devices (OFF
for Vgs = 0), although they could be made as depletion-mode devices.

Gate Source Gate

Drain
FIGURE 74 A cross section of a V-JFET.
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A second difference is that the p* gate diffusion of the V-JFET has a
higher resistance than does the aluminum gate metal used for VMOS,
so the vertical JFET does not achieve the high-frequency response and
fast switching times of which VMOS are capable. On the other hand,
V-JFETs have a somewhat higher linearity than do other types of FETs,
and are therefore suited for low-frequency amplifiers. To date, V-JFETs
have primarily been used in high-quality audio power amplifiers.5

Double-diffused MOS (DMOS) is a first cousin of VMOS. It utilizes
a short channel length and epi layer to achieve higher current densities
with low capacitances. DMOS operation is fundamentally similar to that
of VMOS, but it is a horizontal rather than a vertical device. A DMOS
channel cross section is shown in Fig. 7-6. To date, DMOS devices
have been used primarily at low and medium power levels, as high-
speed switches or RF amplifiers. Because DMOS is a horizontal rather
than a vertical structure, the current density is somewhat lower, and it
is not expected to achieve the high power or high breakdown-voltage
levels that VMOS will eventually attain.

Other power-FET structures are being developed;® so far all are varia-
tions of either VMOS, DMOS, or the vertical JFET. Time will tell which
types are practical on a production basis.

Source  Gate Drain

—1
p_‘nﬁ" ‘n\f,

FIGURE 7-6 A DMOS channel.
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7-4 VMOS CHARACTERISTICS

The output characteristics of the VMOS type VN66AF, plotted in Fig.
7-7, are similar to those of a conventional MOSFET with these excep-
tions: The vertical scale is amperes rather than milliamperes, the output
conductance gos is low (the curves are flat rather than sloping) because
of the buffering effect of the epi region, and the gy is constant (the
lines are evenly spaced) above 400 mA. The constant gy, a characteristic
of short-channel devices, is due to velocity saturation of the electrons
in the channel. Above a certain threshold, increasing the electric field
intensity does not increase the drift velocity. The gg of a conventional
(long-channel) MOSFET, on the other hand, is proportional to the gate
voltage; drain current is therefore proportional to Vgs.®

Figure 7-8 is a more graphic illustration of the transconductance vs.
drain current for the VN66AF, showing the high linearity above 400
mA and the square-law characteristics below 400 mA.

Of the advantages that VMOS has compared to bipolars, many are
well known in small-signal applications. Some that are apparent at high
power levels are:

1. High input impedance and low drive current (typically less
than 100 nA). The beta of a VMOS device (the output
current divided by the input current) is therefore over 10°.
Since the resultant drive power is negligible, VMOS will
directly interface to medium-high-impedance drivers such
as CMOS logic or optoisolators.

2. No minority-carrier storage time. VMOS is a majority-car-
rier device—its charge carriers are controlled by electric

80 s, 1% duty cycle-

0 500 (——p—p—y—y—p—
2 pulsetest | L g | Vps= 24V |
< Vos 10 = 400 |-80 ps.1% duty cycle
S 1.6 9V E pulse test
RS ; -
+ 4 8v & 300
g 1.2 .V § /'/
3 + <]
2 os 6V, T 2001
5 4 - M g 100
IVl 2w [ 3vi 12 V] 2
L) L 1Y ) . 1| o
0 A ) - - . | ._L_ 0
O 10 20 30 40 50 0O 02 04 06 08 1
Drain-source voltage Vps,V Drain current Ip, A
FIGURE 7-7 Output charac- FIGURE 7-8 Transconduc-
teristics of the VN66AF. tance vs. drain current of the

VNG6AF.
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fields, rather than the physical injection and extraction (or
recombination) of minority carriers in the active region.
The switching delay time is small, several nanoseconds,
and is caused primarily by external parasitic elements (se-
ries gate inductance). The 2N6657, for example, is capable
of switching 1 A oN or OFF in 4 ns, about 10 to 200 times
faster than a bipolar.

3. No secondary breakdown or current hogging. Since the
temperature coefficient of the VMOS drain current is nega-
tive (a bipolar’s 1s positive), VMOS draws less current as
the device heats up. If the current density tends to increase
at one particular point of the channel, therefore, the tem-
perature rises and the current decreases. The current auto-
matically equalizes throughout the chip, so no hot spots
or current crowding—which eventually leads to secondary
breakdown in a bipolar—can develop. Similarly, current
is automatically shared between paralleled devices so no
ballasting resistors are needed.

7-5 GENERAL SWITCHING APPLICATIONS

The high input impedance and high speed of VMOS are desirable switch
characteristics. VMOS will interface any driver capable of a 5- to 15-V
swing to nearly any load requiring several amperes of current.

The basic switching performance of the VN66AF is shown in Fig.
7-9, while the corresponding test circuit is shown in Fig. 7-10; 40 pF
is connected in series with the VN66AF gate to better match it to the
50-Q source. The 2-ns turn-oN and turn-off delay is caused by the
input capacitance charging and discharging through the equivalent series
inductance of the package and test jig.

i5

>.. 0 Vi

> s

(Y

g o

g 20] a

g 15 f—\ \

o

£ 10 \
FIGURE 79 Switching per- & 5 \ Vo —
formance of the VN66AF. 3

o 10 20 30
Timet,ns
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FIGURE 7-10 Switching test circuit for the VN66AF.

CMOS logic, such as the 34011 gate, may be used as a driver for
the VNG66AF in Fig. 7-11. A logic Low to the input of the 34011 turns
the VN66AF oN (Vgs = 10 V), while a logic HIGH turns the device OFF
(Ves = 0). The steady-state power dissipated by the circuit, exclusive
of load current, is a maximum of 55 uW (0.15 pW typ).

Figures 7-12 and 7-13 depict the dynamic performance of the circuit
shown in Fig. 7-11 when the load is 25 Q. Vpp = 15 V when the logic
supply voltage is 10 or 15 V and 7.5 V for Vec = 5 V. The turn-on
and turn-ofF times when Vec = 10 V are about 60 ns. Increasing Vec
to 15 V decreases fn and &g to 50 ns. Decreasing Vec to 5 V increases
the switching times to 120 ns. The input and Miller capacitances of
the VNG66AF present a load of 65 pF to the 34011 driver.

The switching time is decreased when several CMOS gates are paral-
leled to increase drive current to the VN66AF. For example, when four
4011 gates are paralleled and Ve is 15 V, switching times are about
25 ns—most of it propagation delay through the 4011 (Fig. 7-14).

To further decrease switching times, additional peak drive current
is needed to charge and discharge the gate input capacitance of the

>"; Vin V=15V ]
Voo > o
+15V S 15
(+75V) % 10 l
v 2 s VouVcce15V
Re 2
Ve &0
V° ;‘5‘ 15 /
Viny cD4oM VNGBAF g Vo vcc lOv \
Vin2 3 3 [ rT ) -
[0}
= [o] 40 80 120 160
= Time t,ns

FIGURE 7-11 A CMOS FIGURE 7-12 Switching per-
gate driving the VNG66AF. formance of the 2N6657 driven
by the CMOS gate.
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VL =75V
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FIGURE 7-13 Switching per-

formance of the VN66AF with
a 5-V CMOS logic drive.
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Output (input)voltage V,V
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VNG66AF. One solution is to use a MOS clock driver such as the MH0026.
It 1s designed to deliver high peak currents into capacitive loads and
to translate TTL levels into 15-V swings. Figure 7-15 is a typical switching
circuit whose characteristics are shown in Fig. 7-16.

VMOS will also interface to standard TTL, but a pullup resistor is
needed to ensure sufficient gate enhancement (see Fig. 7-17). If no
pull-up resistor is used, the enhancement of the VMOS will be about 3
V, and the VMOS saturation current will be only about 200 mA. On
the other hand, with 5 V provided to the gate by the pullup resistor,
the VNG66AF saturation current will exceed 500 mA—which is adequate
for many applications.

If a higher saturation current or a lower ON resistance is needed,
the gate drive voltage must be increased. Figure 7-18 shows how to
use open-collector TTL with a 10- to 15-V pullup. Turn-on time will
be a function of the value of R;, since it provides current to charge
the input capacitance of the VN66AF. If a faster turn-on time is needed,
R; must be reduced, which may result in excessive power dissipation
when the VNG66AF 1s ofFfr. To solve this problem, use the totem pole

15

T >0 T
10 t ;6 1
> Vin >
= S 34 Vin
@ 0 N “_c" 2
g 15 52
= Vo:Vcc =15V, >
o 10 T8
>
~ 5 e
3 o 2 N
£ 15 A g VorVeesSY Tt
preg 10 Vo:Vcc=10V 32
3 LI s = )
£ s 30
s e
O 40 80 120 160 200 O {00 200 300 400
Timet,ns Timet,ns
(a) (b)

FIGURE 7-14 Switching performance of the VN66AF drive by four paral-
leled 4011 gates.
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FIGURE 7-15 Driving the VN66AF with FIGURE 7-16 Switching per-
a MOS clock driver. formance of the VNG66AF
driven by a MHO0026 MOS
driver.

drive circuit shown in Fig. 7-19—it drives the VN66AF with an emitter
follower with performance as shown in Fig. 7-20.

A second method of interfacing TTL to VMOS, a bipolar level shifter,
is shown in Fig. 7-21. The 2N5130 amplifies the TTL output pulse
and provides up to 15 V of enhancement to the VN66AF. The AM686
is a high-speed comparator, although other comparators—or for that
matter, a TTL gate—could be used. For a faster turn-oN time than
that shown in Fig. 7-22, or for a lower power dissipation in the OFF
state, use the totem-pole driver.

Interfacing VMOS to ECL is not quite as straightforward, since ECL
levels are inherently incompatible with VMOS drive requirements, but
level shifting is still relatively easy. In Fig. 7-23, the VN66AF is used
to increase the voltage and current capability of an ECL-compatible
peripheral driver, the 75441. An alternative circuit, Fig. 7-24, uses dis-
crete components to translate ECL levels into the 0- to 10-V swing

+5V +V +V
]
! R
10
174 Sk Vo
7401
VNE6AF

FIGURE 7-17 Driving FIGURE 7-18 Open-collector
the VN66AF with stan- TTL is used to provide greater en-
dard TTL. hancement to the VN66AF.
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FIGURE 7-19 A “‘totem pole” drive FIGURE 7-20 Switching per-
increases switching speed and reduces formance of the VNG66AF
dissipation. driven by the “totem pole”

open-collector TTL driver.

required for VMOS. Switching times of this circuit are less than 40 ns
into 50 Q.

When driving capacitive loads, such as cables or data buses, an active
pull-up is required to deliver current into the load. The high-speed line
driver shown in Fig. 7-25 uses a second VN66AF, with an inverter, to
provide up to 3 A and switch 15 V across 1000 pF in less than 30 ns
(Figure 7-26).

Ease of drive, ruggedness, lack of secondary breakdown, and fast
switching speeds make VMOS well suited for switching power to a variety
of loads, some of which are shown in Fig. 7-27. The fast switching of
VMOS is especially helpful when designing switching regulators, since
considerable power is lost while the switching element is traversing its
active region. Figure 7-28 is the schematic of a 50-W, 200-kHz regulator
using the VN64GA, a 12.5-A, 60-V VMOS device.! The regulator output

|
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> 0 Vy \
+10 to +15V +50V e T
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3
S 30 \
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°© 1
(0] 40 80 120 140
Timet,ns
FIGURE 7-21 High-current interface. FIGURE 7-22 Performance

of the high-current interface.
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FIGURE 7-23 Using VMOS to FIGURE 7-24 A discrete ECL-to-VMOS
buffer the output of an ECL-com- interface circuit.

patible peripheral driver.

is 5 V at 10 A with ripple at less than 100 mV p-p. No output current
limiting is included, although it may be added. Input supply is 28 V
dc.

The 710 comparator acts as an oscillator, using L, as a reactive element
and Rjs for hysteresis. G; couples the output ripple to the negative input
of the comparator, where it is rejected as a common-mode signal. D,
R4, Rs, and G; form a bootstrap circuit which drives the gate 15 V
more positive than the 28-V input. Six paralleled capacitors filter the
output. The total impedance of one capacitor at 200 kHz is 0.05 Q,
and 0.01 Q is needed to filter the 10-A peak-to-peak ripple current.
Q3 is the heart of a soft-startup circuit.

15V
[o]
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< HP5082-2800
R
47003
28‘ F [ MPgi%B Ferrlfe
" 2ns130 ™ Qs
Ry —”—— [
500 By Qs D3 —4 VN66AF
—A -&F [, Schottky
15V D1 D800 L
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K 0.08 2 ==
= = = HF VNssAF -
- L
Ferrite =
bead

FIGURE 7-25 High-speed line driver.
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FIGURE 7-27 Several typical VMOS applications.
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FIGURE 7-28 A 200-kHz switching regulator.

5V Mallory THF120F10
6- 120 uF.capacitors
in parallel

TABLE 7-1 A COMPARISON OF SWITCHING REGULATORS (28 V IN, 5 V AT

10 A OUT)
20 kHz 200 kHz
Bipolar VMOS Bipolar VMOS
Efficiency 82% 79% 72% 75%
Power output 50.0 50.0 50.0 50.0
Total input power 60.7 63.6 69.4 67.0
Fixed losses 485 W
Drive power 0.17W 0.44 W 14W 0.87W
Switching losses 1.9 0.55 9.6 3.7
Saturation losses 3.2 7.2 3.2 7.2
Ac core losses 0.06 0.2
Dc coil losses 049 0.13
Approximate recovery
time for a 40%
change in load 100 ps 10 ps
Inductor core 3019 pot core 2213 pot core
~0.85 in3, 1.2 oz ~0.31 in3, 0.43 oz
Capacitors 8 X 220 pF 6 X 120 uF
1.0 in3 0.45 in3
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Operation at 200 kHz, rather than the usual 20 to 25 kHz, has several
advantages:

1. A smaller inductor, with lower dc (copper) losses, 1s used.
2. A smaller filter capacitor may be used.

3. The regulator responds faster to sudden changes in the
load.

High-frequency operation does reduce the overall efficiency somewhat,
because of switching losses, but not as much as it would in a comparable
design using a bipolar or bipolar darlington transistor as the switching
element. Table 7-1 compares bipolar and VMOS regulators operating
at 20 kHz and 200 kHz. A circuit similar to Fig. 7-28 is assumed.

The high input impedance and linear transfer characteristic of VMOS
make it easy to control either the average or the surge current to a
load. Figure 7-29 is a simple light dimmer circuit which varies the average
current into the light bulb by controlling the saturation current of the
VMOS. R; and R, make the control of brightness more linear with
the potentiometer shaft rotation. The disadvantage of this circuit is that
the VN66AF operates in its linear region, so considerable power is wasted
when the light is dimmed.

A more efficient method of varying the average current to the load
is with pulse-width modulation (Fig. 7-30). The 4011 oscillates with a
duty cycle which is determined by the ratio of R; and R,, and drives
the VMOS with 12-V pulses. Since the VN66AF is either fully oN or
fully ofF, very little power is dissipated in the regulator itself.

A similar circuit can be used as an inexpensive audio alarm system.
The 4011 gate provide a 2-kHz square wave to the VN66AF, which
directly drives an 8-Q speaker (Fig. 7-31).

+12V
+12V
Ry \1'12-30 High W-90
igh=on -
1.5 meg bulb Low=0ffQ 1/ 12 V bulb
2ma 2N6657 2N6657
R2
750 K
= 800 kfy 0.001 uF
FIGURE 7-29 A linear FIGURE 7-30 An efficient light dimmer circuit.

light dimmer circuit.



270 DESIGNING WITH FIELD EFFECT TRANSISTORS
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7-6 DRIVE CONSIDERATIONS

Many loads—motors and incandescent light bulbs, for instance—have
an undesirably low impedance, resulting in high surge currents when
power is first applied. The soft-startup circuits in Fig. 7-32 and 7-33
will minimize or eliminate these current surges, which in the case of
an incandescent light bulb will increase life considerably. Adjust the
1-MQ potentiometer in Fig. 7-32 until the desired maximum current
is obtained, or use a fixed divider if a wider tolerance is allowable. R;
and G in Fig. 7-33 have a 0.1-s time constant to increase the drive
voltage, and hence the drain current, of the VN66AF gradually.

While the 2N6657 can drive nearly any load of 2 A or less (8 A
under pulsed conditions), the gate must be driven with a high enough
enhancement voltage to support the required current. Refer back to
Fig. 7-7: When the VMOS is driven by TTL providing a maximum Vgs
of 5 V, the saturated drain current is 650 mA. The guaranteed worst
case under these conditions is a drain current of 500 mA. If a minimum
drain current of 1 A is required, a worst-case minimum of 10 V must
be applied to the gate (6.25 V will typically be sufficient).

Applying more than the minimum enhancement voltage—15 V rather

+V

+10V

CD4000 0
1Mo
current

adjust I HVNGSAF

Stepper motor

FIGURE 7-32 A circuit which current-limits the drive
to the motor.
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FIGURE 7-33 A soft startup circuit re- 1M VN66AF
duces the cold current of the bulb.
Cy
= TOIpF=

than 10, for instance—has two desirable effects: the oN resistance is
reduced, and an extra margin of safety is provided to allow for the
decrease in drain current as the VN66AF heats up. It is possible, as
the drain current decreases with temperature, for the VN66AF to actually
come out of saturation, which further increases dissipation.

7-7 TEMPERATURE CONSIDERATIONS

Typically, the saturated drain current of VMOS decreases 0.5 to 0.6
percent/°C due to the decrease in the mobility of electrons in silicon
as temperature increases; likewise 7psen) increases by the same amount
(Fig. 7-34). If you assume a worst-case situation of 0.6 percent/°C, the
ON resistance at a given temperature [7ps(7T)] can be expressed in terms
of the resistance at the ambient temperature [rps(74)] by the expression

1ps(T) = rps( Ty )e®006 AT (7-1)

where AT = T — T,, the rise in temperature.

This increase in ON resistance may lead to problems unless certain
design precautions are taken. In a typical switching situation, such as
that of Fig. 7-35, the current passing through the on switch is nearly
constant. In this example, 2 A of current passes through the VN66AF

g 20
£ I}
}E 6 Vgs =10V and 15 V//
g § [/ Ves=5V
§351.2
b
Vgs=5 V]
?’ :0.8 o
FIGURE 7-34 Rpsen) versus tem- £
perature of the VNG66AF. 5 o4

40 O 40 80 120 160
Temperature T, °C
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FIGURE 7-35 A typical switching cir-
Vps= 30V at T,=25°C

cuit in which Vps increases as the
VNG66AF heats up.

+10V

and causes it to heat up. As the ON resistance goes up, the voltage
drop across the VN66AF increases, and the dissipation climbs further.

If inadequate heat sinking is used, the ON resistance and junction
temperatures will increase until the resistance is stabilized by extra
charge carriers which are thermally generated in the channel. Since this
occurs above the maximum safe junction temperature of 150°C, and
the long-term reliability may be impaired, it is desirable to anticipate
this increase in ON resistance and temperature.

There are two ways to do this. The first, a rough rule of thumb, is
to add an extra 50 percent to the actual power dissipation figure before
calculating heat sink requirements. For example, if 1 A flows through
a device whose ON resistance is 3 Q at 25°C, the calculated power is
3 W. Now simply calculate the heat sink requirements using 4.5 W as
the total dissipation, which will give a close approximation of the actual
heat sinking required at moderate and high temperatures (it will be
conservative if the temperature rise is slight). To calculate the heat sink
requirements more precisely, express the rise in junction temperature
ATin terms of the power dissipation and the junction to ambient thermal
resistance 0,

AT= IPrps(T)0,a (7-2)
which can be combined with Eq. (7-1) and rearranged as
ATe™006AT= [215(T4 )04 (7-3)

This is the classical expression for the temperature risk of any fixed
resistor, with the addition of the exponential term.

Solve Eq. (7-3) with the values shown in Fig. 7-35 to find the actual
junction temperature.

ATe006AT= (1 A)%(3.0 O)(15°C/W)
=45°C

Next, find AT in Fig. 7-36 by locating 45° on the vertical axis. The
actual rise in junction temperature is located on the horizontal axis; it
is 70°C, so Ty is 95°C.

Figure 7-36, a plot of ATe 984T yersus AT, is useful in finding the



POWER FETS 273

100 i

&

- /
FIGURE 736 A plot of 2
AT 0% AT yersus AT is useful in 2
finding the actual temperature rise "9_, il
of the VN66AF when the power < f
dissipation at 25°C junction tem-
perature is known. 1

1 10 100 1000

Increase injunction
temperature AT, °C

actual temperature rise of the VN66AF when the power dissipation at
25°C junction temperature is known.

You can also use Fig. 7-36 to find the required heat sinking when
the power dissipation and maximum allowable junction temperature are
specified. For example, if the ambient temperature in Fig. 7-34 is in-
creased to 50°C, 1ps(Ta) becomes 3.5 ) and the normalized power is
3.5 W. If the maximum junction temperature is specified as 125°C (AT
= 75°C), ATe 096AT myst be less than 48°C and 6,4, < 13.7°C/W. A
heat sink with 8¢4 < 5.4°C/W should be used, since ;¢ of the VN66AF
is 8.33°C/W. Note that if the rule of thumb were used and 50 percent
added to the 3.5-W figure, the 0,4 would be calculated as 14.3°C/W—
quite close considering the approximations involved.

7-8 PARALLEL AND SERIES OPERATION

If the required current exceeds the capability of one device, then several
devices may be paralleled as in Fig. 7-37. No ballasting resistors or
thermal matching networks are needed because the currents tend to
equalize—if a particular device starts to draw more current, it heats
up more and conducts less current than it would otherwise.

For example, an initial unbalance of =20 percent (the typical worst-
case figure) will reduce to £14 percent if the junction temperatures

{6 A
o
S

GO—

VNE6AF VNE6AF
FIGURE 7-37 Paralleling the VN68AFlp . —0 . ._JD

VNG66AFs increases the maximum ¢ gs
current-handling capability. 't' T
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are allowed to approach their maximum limits. Because of the excellent
high-frequency response of the VN66AF, ferrite beads or small-valued
resistors (=100 to 1000 Q) in series with each gate are necessary to
suppress spurious high-frequency (=300 MHz) oscillations.

Devices may be connected in series to increase breakdown voltage,
as shown in Fig. 7-38. R, and R; are larger because the drive current
to the gate of Q is small, while C; and C; form a capacitive divider
which dynamically balances the gate drive and also ensures fast switching
times by coupling charge to the gate of Q.. G /C should be approxi-
mately equal to R2/R,, with allowance for stray capacitance and the
enhancement voltage of Q. The bottom of the divider chain is returned
to +15 V, rather than ground, to ensure sufficient enhancement for
Q 2 when the devices are on. If resistor and capacitor values are properly
selected, any number of VMOS may be series-connected in this manner.

7-9 AMPLIFIER APPLICATIONS

The constant-g region of VMOS makes it well suited for linear applica-
tions. Distortion is low over a wide dynamic range when properly biased.

2 10 5 / +50V
c 240
£ Class A stage

é 1 Class A sta 09A
0

S - A pfd

s - — 1k 01K 2NB657
é 0.1 ¢ gource !

£ £t follower| 1kHz

=

% 0.01 o

SR 10 100

Peak-to-peak output voltage Vg,V = = =

FIGURE 7-39 Harmonic distortion vs. voltage output for a simple class
A stage and a source follower.
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FIGURE 7-40 Frequency response of a simple class A stage.

Figure 7-39 is a plot of the harmonic distortion vs. output voltage for
a simple class A test circuit employing the 2N6657, a 25-W VMOS.
Distortion rises almost linearly with output voltage at low signal levels,
but then rises more sharply as the positive signal peaks extend into
the nonlinear gy region and the negative peaks saturate the device. The
voltage gain of the circuit is about 6.5, equal to gsRy (0.27 mho X 24
Q).

Using the 2N6657 as a source follower reduces the distortion by a
factor of 5.5, which is slightly less than the amount by which the voltage
gain is reduced. Figure 7-40 shows that the frequency response of a
simple class A stage is flat to almost 10 MHz. The simple audio amplifier
shown in Fig. 7-41 is equivalent to the audio output stage of many
inexpensive radio and television receivers and phonographs. Power out-
put is about 4 W from 100 Hz to 15 kHz. The design is greatly simplified
by the use of an output transformer, and overall distortion is kept rela-
tively low (2 percent at 3 W) by 10 dB of negative feedback. No thermal
stabilization components are needed, since the drain current has a nega-
tive temperature coefficient.

0+28 V
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FIGURE 7-41 A simple audio power amplifier.
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Figure 7-42 shows a high-fidelity 40-W audio amplifier suitable for
high-quality stereo or quadraphonic systems.>* This amplifier has low
open-loop distortion. The relatively small amount of negative feedback
(22 dB) and the good open-loop frequency response (400 kHz) minimize
transient intermodulation distortion. Closed-loop frequency response
(exclusive of the input filter) is flat to 4 MHz, and the slew rate is over
100 V/us. The performance of the amplifier, which is operated class
AB with an idling current of 300 mA, is shown in Fig. 7-43.

Since at the time of this design only n-channel VMOS devices were
available, a quasi-complementary design was necessary, and some means
was required to match the charactenstics of the common-source and
common-drain output stages. An effective method is to use a resistor
(R1s in Fig. 7-42) to provide drain-to-gate feedback and a modulated
current source in the common-source stage. Figure 7-44 details this
technique and compares it to the corresponding circuit for an actual
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FIGURE 7-43 Gain and distortion 25 o[ A
vs. frequency of the VMOS am- EE = S 1\IN-,-
. o © T~ et
plifier. °

T
10 100 1K 10K 100K
Frequency f, Hz

+V
v o
+ E-j
>RL =
OVo |
3R SVF
—
[t |
Vi Vi Vo
Re Re RL
o -
-Vy -V, -V -

FIGURE 7-44 A quasi-source follower and a real source
follower.
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source follower. An analysis of the circuits reveals that both have the
same values of gain and output impedance, which ensures a good match
between the positive and negative waveforms during class AB operation.
Exact matching is ensured by Ri4 and Gs (Fig. 7-42). Functional output
protection is provided by zener diodes, which limit the output current
and device dissipation by limiting Vgs. Clamping Vgs at a maximum of
9 V limits the drain current to slightly less than 2 A at 25°C, less when
the devices are-hot. The resulting current limit vs. the drain-to-source
voltage (Fig. 7-45) shows that short-circuit protection is possible when
a 200°C maximum junction temperature is allowed for a brief interval
(the time constant of the output fuse). The paralleled 2N6658s may
be replaced with a single VN64GA, which was not available at the time
of the initial circuit design.

7-10 RF POWER

VMOS has many advantages in RF power amplifiers and preamplifiers,
including high gain, a high two-tone intermodulation intercept point,
low noise, and the ability to withstand any VSWR. For further details,
refer to Chapter 4, ““High-Frequency Circuits.”

7-11 SUMMARY

Power FET: typically rely on a short channel length and vertical current
flow to increase current density and power capability. Their outstanding
features, compared to bipolar transistors, include negligible dc drive
current, extremely fast switching times, no minority-carrier storage time,
a complete lack of secondary breakdown and current hogging, and low
distortion. They are being designed into numerous power applications,
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including both general-purpose and high-speed switchers, high-quality
audio amplifiers, and switching regulators.
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FETS IN INTEGRATED
CIRCUITS

8-1 Introduction
8-2 MOSFET Processes
8-3 Bipolar-FET Combinations

8-1 INTRODUCTION

Field-effect transistors are now a basic component in many integrated
circuits, both analog and digital. While any type of FET—n- or p-channel,
MOS or junction—can be fabricated on the same substrate with either
devices of the same type or nearly any other kind of FET or bipolar
device, some combinations are naturally more popular and useful than
others. In this chapter we shall describe some of the more popular FET
and FET-bipolar integrated-circuit basic processes, although many varia-
tions on each process have been developed to suit particular applications
and manufacturing capabilities.

8-2 MOSFET PROCESSES

Figure 8-1 is an all-PMOS process, the earliest and simplest MOS
process.>4 Only five masking steps are needed (p* diffusion, gate oxide,
contact, metal, and oxide), so the cost is low and the yield high. Further-
more, the packing density (number of MOSFETSs per unit area) is much
higher than that of a bipolar process because no isolation diffusions
are needed between devices. A high packing density reduces the cost
of a function. The PMOS process is used primarily for medium- to high-
complexity digital circuits, but has recently lost favor to NMOS.
NMOS, shown in Fig. 8-2, not only offers the same advantages of
simplicity, low cost, and high packing density as PMOS, but it has a

281
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FIGURE 8-1 The PMOS process.

better speed-power product because negative charge carriers (electrons)
have a higher mobility in silicon than do positive charge carriers (holes).
This process was developed later than PMOS because it is much more
sensitive to ionic contamination in the gate oxide, and only recently
have processes been clean enough to ensure a high yield. However,
NMOS has undergone extensive technical development and is a low-
cost and widely used process for digital integrated circuits such as micro-
processors and memory.

CMOS (complementary MOS), Fig. 8-3, is a combination of both
n-and p-type MOSFET's. CMOS digital circuits dissipate very little power
in the quiescent state because either the p or the n MOSFETs—but
never both—are oN within a logic element, so there is no current flow
except for a minimal leakage. At high switching frequencies (above sev-
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FIGURE 8-2 The NMOS process.
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FIGURE 8-3 The CMOS process.

eral hundred kilohertz), however, the power dissipation becomes compa-
rable to NMOS because circuit capacitances must be charged and dis-
charged—which requires additional current. CMOS also requires more
chip area for a given logic function because the n-channel MOSFET
must be diffused into an isolated p-type well; this requires at least two
more masking steps than PMOS or NMOS and is therefore more costly
and difficult to fabricate. For digital circuits, CMOS is used when the
complexity is low to medium; highly complex CMOS circuits are de-
signed only when extremely low-power operation at low frequencies is
needed—wristwatch circuits, for example.

CMOS is not confined purely to digital circuits, however—it is very
popular for analog switches, operational amplifiers, and systems requir-
ing both analog and digital circuitry. In an analog switch, the parallel
combination of p- and n-channel MOSFET's exhibits a nearly constant
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FIGURE 8-4 A CMOS analog switch.
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FIGURE 8-5 A monolithic CMOS chip containing both analog and digital circuitry.

resistance to any analog voltage between the positive and negative supply
voltages. In a CMOS operational amplifier, the output is capable of
excursions to within several millivolts of either supply rail, vs. several
hundred millivolts or more for a more conventional bipolar design; a
CMOS op amp also has several orders of magnitude lower input bias
current than does a bipolar op amp, and both greater linearity and
greater dynamic range than amplifiers made exclusively with either
PMOS or NMOS. Figure 8-4 shows a CMOS analog switch system which
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FIGURE 8-6 The bipolar-PMOS process.
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FIGURE 8-7 A bipolar-PMOS analog switch.

contains a digital interface and driver circuitry in addition to the analog
transmission gate.!

Figure 8-5 is a block diagram of the LD130, a CMOS three-digit
analog-to-digital converter. Notice that the buffers, integrator, and com-
parator are analog circuits (operational amplifiers), while the control
logic and circuitry to the right of the logic is all digital. The analog
switch functions utilize MOSFETs.!

8-3 BIPOLAR-FET COMBINATIONS

The bipolar-PMOS process (Fig. 8-6) is actually a forerunner of the
previous MOSFET process; it was commercially developed in 1968 for
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FIGURE 8-8 The BIFET (bipolar-JFET) process.
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fabricating monolithic analog switch driver-gate combinations.? The only
significant difference between this process and the standard planar bipo-
lar process is an extra masking step for the PMOS gate, so the cost
and complexity are only slightly greater. The bipolar-PMOS process is
used in a variety of analog circuits—analog switches (Fig. 8-7), A-to-D
converters which require MOSFET-input operational amplifiers and ana-
log signal switching, and smoke-detector ICs which require a MOSFET-
input comparator to interface with an ion-chamber smoke sensor.
Figure 8-8 is a versatile development—the BIFET (bipolar-JFET) proc-
ess. Like the bipolar-PMOS process, it is basically a planar bipolar
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FIGURE 8-10 An n-channel JFET compatible with standard bipolar processing.
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FIGURE 8-11 An integrated circuit operational amplifier using a
JFET (Q ,3) to ensure proper startup.

process, but with extra ion-implant processing steps to fabricate the
channel of the p-channel JFET. This process is also used for a number
of analog applications, including FET-input operational amplifiers (Fig.
8-9) and JFET analog switch/driver combinations.

The standard planar bipolar process can, with no extra processing
steps, produce JFETs, but their parameters are difficult to control and
close matching is nearly impossible. The process is shown in Fig.
8-10. JFETs of this type are used primarily for noncritical biasing and
current sources in analog integrated circuits, especially since they are
always oN when power is first applied and, therefore, ensure the startup
of bipolar bias circuits (Fig. 8-11).
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Amplifiers:
audio, 61
VMOS, 274-278
Cascode, 16, 48, 77-83
common-drain, 63, 83-90
common-gate, 63
common-source, 8, 10, 26, 34, 55, 63, 145
differential, 83, 89-92, 96-99, 102
using current regulators, 251
high-frequency, 16, 138
broadband, 158, 160
Cascode, 156158
common-drain, 155
common-gate, 153 -155
common-source, 151 -153
design priorities, 140
distributed, 140
noise in, 22, 40, 152, 188-192
problems of amplification, 139
VMOS, 184-189, 278
operational, 97, 101, 103 -105
R-C coupled, 10, 64
voltage, 34, 63, 92
VMOS, 186, 274-278
Analog switches (see Switches, analog)
Automatic gain control (AGC), 16, 48, 138,
153
Avalanche breakdown (see Breakdown)

Bias:
constant current, 64, 7577
distortion, effects of, 116
operating point, 64 —-65
feedback, 84— 86
forward, 5-6, 8, 30, 54
reverse, 5-6, 54
Bootstrapping, 79

Breakdown:
avalanche, 7, 23, 29
junction, 18, 46

Capacitance:
abrupt junction, 11, 36
feedback, 16, 139, 141
feedthrough, 55
gate, 58
input, 58, 67, 139
interelectrode: drain-body, 21
drain-gate, 11, 21, 50, 139
drain-source, 11, 37, 50, 139
gate-channel, 18, 36, 47
junction, 67
output, 55
parasitic, high-frequency effects of, 139
switching transients, 219 -226
Carriers:
concentration of, 4
density of, 12
ionization of, 12
minority, 21, 32
mobility of, 4,9, 12-13, 22, 26, 56
velocity of, 9
Cascode circuits, 77 - 83, 145
equivalent circuit, 81 —82
(See also Amplifiers)
Channel:
conduction, 3-5, 13, 15, 18, 26, 56 -57,
198
(See also Conductance)
diffusion, 20, 40
length, 5,9-10, 18, 20-21, 68
resistance, 13
thickness, 9, 15, 18, 20, 30, 41, 69, 95
width, 18, 20, 68, 94-95

289
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Characteristics of FETs: Dissipation power, 62
dynamic, 33 (See also Temperature)
output, 27, 30, 45 -46, 68 Distortion:
physical, 18-23 in analog switches, 210-211
in small-signal high-frequency applica- analysis of, 112 -114
tions, 138 in high-frequency mixers, 163 - 164,
static, 26 -32 176 -177
transfer, 27, 45, 138 rules for low, 121 -122
Charge transfer, 220-225 sources of, 114-120
deglitches, 230 -231 in VCRs (voltage-controlled resistors), 31,
glitches, 224, 230-231 237-245
CMOS (complementary MOS), 222, 282 — DMOS (double-diffused MOS), 255, 258 —
284 259
switch, 205, 219 Drift, compensation for, 94-98
(See also MOS) Duals (see Amplifiers, differential)

CMRR (see common-mode rejection ratio)
Common-mode errors, 98 —-102

Common-mode rejection ratio, 100, 105, Epitaxial growth, 18, 20, 40, 69
251 Equivalent circuits:
Common-mode voltage, 83, 92 -93 amplifier:
Conductance, 13, 30 Cascode, 82
channel, 4-9, 52 differential, 91, 99
drain-source, 31 common-mode, 100
input, 141 high-frequency, 147
output, 8, 30, 141 voltage, 35, 64
Current: analog switch: CMOS control, 199
channel, 4 dc, 193-197
constant source of, 64, 75-77, 83, 87,91, DG181, 201
245-248 ON, 203
drain, 7, 10, 27 JFET, 52
saturation, 27, 41, 43 —44, 81 control, 199
gate, 5-6, 29, 32, 54, 57, 104, 128 - sample-and-hold, 220-221
129 charge transfer, 225
breakpoint, 77 -79, 104, 105 converter, D-A, 229
leakage, 6,12, 77, 111 FET: admittance, 147
hogging, 21, 52, 261 capacitances, 37
junction, 13 gate current, 79
regulators: applications of, 249 —-254 large signal, 162
FETs as, 249 low-frequency, 36
Cutoff voltage: noise, 39
gate, 5, 27-28 multiplexers: leakage, 217

two-channel, 224
Tee isolation, 203

Depletion, 7-8 VMOS (2N6659) ON/OFF, 208
layer, 4,7,11, 57
region, 8, 21
thickness, 5, 12 Feedback, 16, 83 -84, 86, 97, 139, 141
wadth, 4, 7, 37, 57 Feedthrough in analog switches, 199
Derating factors, 58 capacitance, 55
Diffusion, 18 FET symbols, 17
channel, 20, 40 Figure of merit, 55, 140

gate, 40 (See also Gain, bandwidth)
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Gain:
bandwidth, 22, 157 -158, 160
conversion (mixer), 165-166
midfrequency, 74
power, 139, 141 -142, 151
voltage, 35, 81
Gallium arsenide, 22 -23, 138
Geometries:
distortion, effects of, 119
mu, 141
NC, 44, 68-70, 72
NFA, 72
NH, 72, 74
NP, 72
NRL, 72
NS, 68-69, 72
NT, 44
NVA, 72
NZA, 44,72
NZF, 72
selector guide, 70
Glitch, 224, 230-231
Glossary of terms and abbreviations, 59

High-frequency admittance parameters,
147-149
High-frequency amplifiers (see Amplifiers)
High-frequency circuits, 137 -192
High-frequency mixers (se¢ Mixers)
High-frequency oscillators, 181 - 185
High-frequency power FETs (see
Amplifiers)
High-frequency power gain, 145 -146
High-frequency VMOS, 184188,
278

Impedance:
input, 6-7, 63, 143
output, 143
Insulated-gate (see MOS)
Integrated circuits:
bipolar-FET, 285-287
CMOS, 282 -284
MOS, 281 -285
Ion implant, 40, 69
Ionization:
of carriers, 12
impact, 78-79
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JEDEC and house-numbered transistors:

CRO39, 91, 93, 249

CRO43, 107-108, 249

J111-113, 38,45

M114, 54

M116, 45

U310, 37, 140, 149-150, 154, 159, 167,
171,183

U311, 157

U401, 91,93,107-108, 111

U421, 111

U431, 171

2N3631, 45

2N3822, 129

2N3823, 137, 140, 168

2N 3970, 28-29, 32

2N3971, 200

2N4092, 38

2N4339, 120

2N4392, 38

2N4393, 72

2N4416, 7274, 137, 140, 168

2N4857, 38

2N4867, 42, 119-120, 125

2N4868, 28, 32, 42, 245246

2N 4869, 42

2N5397, 129, 140

2N5432, 235

2N5564, 38

2N5638, 38

2N6656, 51

2N6657, 262, 269 -270, 274 -275

2N6659, 207 -210, 212

3N140, 137

3N201, 157

VCR2N, 235

VCR4N, 235

VCRT7N, 235

VCR3P, 235

VCR5P, 235

VNG66AF, 260, 262

VNG66AK, 212

DG181, 201 -203, 221 -224

DG181AP, 195, 202

DG181BA, 200, 202

DG172, 222

JFET (junction field-effect transistor),

4-13,52,258

Junction:

abrupt, 26, 36
breakdown, 18, 46
potential, 4
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Metal-oxide semiconductor (see MOS)
Miller effect, 48, 79, 139, 156
Mixers:
balanced, 168-181
comparison of semiconductors, 169
comparison of types, 169
design criterion, 162 -163
double-balanced, 173 -181
high-frequency, 161 -181
interport isolation, 179
single-balanced, 168 —181
Mobility of carrier:
temperature coefficient, 12-13
(See also Carriers)
Models (see Equivalent circuits)
Modulation:
cross-, 153, 163, 176 -177
inter-, 163, 176 -177
MOS (metal-oxide semiconductor) or
MOSFET, 8, 13-15, 18, 45-49, 54,
255-279
body, 15, 16, 18
DMOS, 255, 258 -259

dual-gate, 16, 48 -49, 82, 137138, 145,

157
short-channel, 20, 49, 255-279
switch, 204 —205

Neutralization in high-frequency circuits,

144, 152-153
Noise:
amplifiers: bandwidth, 191
matching, 190
burst, 126 -127
characteristics, 38 -40, 122-135
current, 126, 128, 130-132, 161
equivalent, 38 -40
figure, 123 -124, 141
mixer, 166
temperature, correlation with, 188 —
190
high-frequency, 22, 40, 152, 190-191
impedance match, 152153
Johnson, 188-189
local oscillator rejection, 178
low JFET, 68, 105
in operational amplifiers, 105
oscillators, 182
popcorn, 106, 126 —127
shot, 126
test methods, 130-133

INDEX

Noise (Cont.):
voltage, 123 -125, 130-132
white, 131 -132

Operational amplifiers (op amps) (see
Amplifiers)

Oscillators, 181 -185

Oxide, 3, 13, 18, 20, 256

Pairs, differential, 103 -105
Parameters, high-frequencyZ, Y, H, S,
146-151
Phase compensation, 103
Pinchoff, 5, 7-8, 10, 18, 28
pn 3-7,11,14,29,55
Power FETs:
DMOS, 255, 258 -259
types of, 255
V-JFETs, 255, 258
VMOS, 255-279
Power law, 27

Quality factor, 140 -141

Resistance:
gate-channel, 13
input, 36, 77
ON, 15, 52, 55
Resistors, voltage-controlled (VCRs):
applications, 241
characteristics of FET's, 233 -235
comparison to resistors, 234
distortion in, 31, 236 -245
how to use JFETs, 236
linearization: analysis, 242 —245
gain control, 239 —242

Sample-and-hold circuit, 220 -223
Saturation:
drain current, 8—11, 27, 40
velocity, 9, 260
Slope (AIp/AV ps), 7-8, 30, 33
Source follower, 83 -90
Space charge, 32, 67
Stability:
compensation, 103
high-frequency: Linvill, 143
Stern, 143
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Switches, analog, 29, 32, 52, 193 -231
A-D and D-A, 226 -231
CMOS, 205-207

leakage, 219

comparison of types, 206
current-mode, 193
distortion in, 210-211
feedthrough in, 199
high-frequency, 199-200
isolation, 200, 209, 213
JFETs as, 197-199
leakage characteristics, 215-219
MOSFET, 204 -205
multiplexing, 193, 216
selective summing, 194
voltage-mode, 193
VMOS, 207,261-271

Temperature, effectsof, 12 -13, 56 - 58, 64,
94-96, 129, 271 -273

Temperature coefficient, 12-13, 71, 129

Temperature ratings, 62

Threshold voltage, 15-16

Transconductance, 9-10, 27, 46, 142
high-frequency mixers, 163 -167
small-signal, 27

Transfer characteristics, 12, 27, 45, 86
effects on distortion, 114

Transients, switching, 219-226
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Unilateralization, 144

VCRs (voltage-controlled resistors), 31,
233 -245
Velocity:
drift, 9, 23
saturation, 9, 260
V-JFET (vertical JFET), 255, 258
VMOS (vertical MOS), 186, 207 -214,
255-279
applications, 264 —269, 274 -
279
breakdown voltage, 49 -50
capacitances, 50-51
(See also Amplifiers)
Voltage:
common-mode, 92 -93
effects on distortion, 117
gain, 35
gate: body to, 15
channelto, 11, 13
cutoff, 5, 27 -28
sourceto, 7,11, 15
noise, 123-125, 130-132
offset, 55 -56
standing wave ratio (VSWR), 138
threshhold, 15-16

Zener, 14






