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CHARACTERISTICS OF ANALOG SWITCHES USING 
JUNCTION FIELD- EFFECT TRANSISTORS 

I. INTRODUCTION 

Analog switches are used extensively in modern electronic sys- 

tems. The most important applications are in data handling systems 

in multiplexer, sample- and -hold, modulator, and chopper circuits, 

and in analog -to- digital converters and analog computers. There is a 

need for switching circuits that can handle a wide range of signals of 

either polarity without distortion. This can be accomplished by using 

analog switches. 

An ideal analog switch has zero closed resistance, infinite open 

resistance, no current or voltage offsets and instantaneous operation. 

Mechanical analog switches have been used with good results only at 

low speed, and they are being replaced by electronic analog switches 

which can be operated at high speed. 

Unfortunately, semiconductor devices have non -zero on- 

resistance, finite off- resistance, and finite offset voltages and cur- 

rents caused by imperfect isolation from ground. In addition it is dif- 

icnt.l.t to prevent interference with the analog signal by the control sig- 

.al. to the switch. 

The semiconductor devices commonly used as analog switches 

r :: junction diodes, transistors and field- effect transistors. 
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Junction diodes have long been used as diode -bridge switching 

circuits. They have the disadvantage of high nonlinear on- 

resistance, and it is difficult to match diodes to eliminate offset volt- 

age and to provide balanced bias supplies (4, p. 644). 

A transistor used in the inverted mode of operation has the ad- 

vantage of low closed resistance. Matched transistors connected 

in complementary- transistor fashion could be used to obtain the low 

offset voltage (1). There is still some inconvenience in that they re- 

quire an isolated power supply or transformer driving circuit. 

The most promising analog switch at the present time is the 

field- effect transistor (7). Due to the absence of a rectifying junction 

between source and drain, there is virtually no offset voltage. The 

inherent isolation of the signal and drive circuit eliminates need of 

a driving transformer. There is another advantage in that it can be 

made as part of an integrated circuit as well as a discrete component. 

Field- effect transistors also have some disadvantages. They 

require a larger control signal than conventional transistors. This 

causes a feedthrough of control signal to appear at the output during 

the transition time. T h e minimum signal which is transmitted 

through the analog switch is limited to a value greater than the feed - 

through voltage. 

In this thesis, use of the junction FET as an analog switch is 

described. It is shown that the signal which is transmitted may have 
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a wide range, from millivolts up to several volts, and that switching 

can be accomplished at high speed. 

Since the switching speed is limited by the values of minimum 

signal voltage to be transmitted, a method is described which dimin- 

ishes the feedthrough voltage significantly. 
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II. THE CHARACTERISTICS OF THE JUNCTION 
FIELD -EFFECT TRANSISTOR 

The junction field- effect transistor (JFET) is a voltage con- 

trolled device, and has a characteristic similar to a pentode vacuum 

tube. The conductance in the channel is controlled by applying an 

electric field perpendicular to the current path. The terminals of the 

JFET are drain, gate and source respectively. The circuit symbol 

and polarity conventions for the JFET are indicated in Figure 1. 

Gate 

= VGS 

Drain Drain 

Source 

(a) 

+ 
VDS 

Gate 

VGS 

Source 

(b) 

Figure 1. The basic junction FET connections. 
(a) P- channel 
(b) N- channel 

+ 
- 

VDS 

Because of the symmetry in the geometry the source and drain 

are interchangeable for both P- and N- channel FET's. The gate -to- 

source voltage is applied in the reverse direction. The depletion 

+ 

+T 
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layer at the p -n junction will extend into the channel. Since there are 

no free carriers in the space- charge region, the conductance between 

the source and drain terminals is determined by the region in the 

channel not depleted of free carriers by the reverse biased voltage. 

Evidently the applied voltage VGS controls the conductance of the 

channel. 

The effective resistance of the channel is nonlinear. As the 

voltage between gate and source terminals is increased, the depletion 

layers in the channel approach each other, and the width of effective 

channel becomes narrower. The current in the channel is limited by 

the effective channel resistance, and since this is controlled by the 

gate, increasing VDS produces no increase in ID, and the FET 

behaves as a constant - current source 
(IDSS). 

With a sufficiently high gate voltage all the free carriers are 

removed from the channel; this is called the "pinch -off" voltage (V ). 

The current path has been reduced to the extent that it no longer has 

the ability to conduct current, and the transistor is in the '"off" state. 

The drain characteristic for zero gate voltage of a type 2N4360 

P- channel diffused silicon planar transistor is shown in Figure 2. 

From inspection of this curve it is evident that the FET can be 

used as an analog switch to transmit the signal under conditions of 

low resistance between source and drain, and block it under condi- 

tions of high resistance. The required resistance in the channel 

P 
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should be as low as possible to approach the ideal switch. It can be 

obtained by applying VGS in forward bias. The P -N junctions be- 

gin to conduct and current flows from gate to channel. This is unde- 

sirable, so the limit in reducing resistance is to apply VGS equal 

to zero voltage. From Figure 2, the channel resistance is 240 ohms 

at VGS = 0, and it is nearly constant over the range of ID from 

0 to 4 mA. 

8 

6 

4 

z. 

-2 -4 

V = 0 

VC'S 2.3 v 

-6 -8 -10 
VDS, Drain- source voltage (volt) 

Figure 2. Common- source drain characteristic of the 2N4360 
JFET. 

When the switch is OFF, the channel resistance must be high 

6 

H Q 
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enough to block the signal. The gate -to- source voltage VGS is 

changed to the level that is equal to or greater than pinch -off voltage 

V of the JFET. 
p 

The equivalent circuits of an FET operating in ON and OFF 

modes respectively are shown in Figure 3. The rsb and rdb are 

source and drain bulk resistances. In practice, the sum of resist- 

ances rsb' ron and rdb is used to obtain rds (on). 

rsb ron rdb 

G 

(a) 

roff 

G 

(b) 

Figure 3. Equivalent circuits of FET switch. 
(a) ON 
(b) OFF 

The equivalent capacitance between source and gate C is gs 

used to determine the transition times from ON to OFF and OFF to 

ON. The turn -OFF time is the time required to charge the C to gs 

Vp. In the same way all charge in the capacitance Cgs must be 
s 
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removed to turn ON the FET. 

In order to send both positive and negative signals one must take 

into consideration the following: during the ON time, the gate termin- 

al should be either shorted to source or floated. Then the gate voltage 

will follow the source voltage to keep the rds(on) constant. During 

the OFF time, the gate voltage must be greater than signal by the 

voltage V . 

P 

The minimum gate voltage required to turn OFF the FET is de- 

fined by 

where 

VG =Es+V 
P 

Es = maximum signal input 

V = pinch -off voltage of JFET. 
P 

(1) 

Assuming the maximum signal input is ± 5 volts, and taking for 

the JFET type 2N4360 P- channel, V (typical) = 3. 2 v, then the 

minimum gate voltage is +8. 2 v. If an N- channel JFET is being used, 

the voltage VG is negative, but of the same magnitude. 

s 

P 
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III. THE ANALOG SWITCH 

The Basic Circuit 

The basic circuit of an analog switch using junction field- effect 

transistors (3) is indicated in Figure 4. In this circuit, the junction 

FET's F1 and F2 are P- channel. Only F1 is being used as a 

switch; F2 is used as variable resistance to by -pass the charge in 

the depleted channels to the input source es. They are operated at 

the same time from the gate control voltage VG. 

c 
Vcc2 

Figure 4. The basic circuit of an analog switch. 

In the initial condition, the switch is OFF, the power supply 

Vcc1 
is connected to the gate terminals of F1 and F2. The gate 

control voltage VG is equal to Vccl, and the current flows in the 

-t- 

+V cc1 
S R e 

V 
Cl 

o 
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resistor R to the power supply Vcc2, since the diode D1 is 

forward biased. The voltage drop across the resistor R is greater 

than V , which turns F2 off, and the gate control voltage VG 

is isolated from input signal. The switch F1 is in the OFF condi- 

tion if the input signal es does not exceed Vcc2. 

To turn the switch ON, the power supply Vcc1 is disconnect- 

ed, and the gate control voltage VG should drop to ground. The 

charge in the depleted channels of F1 and F2 flows through the 

resistor R and diode D1. As the voltage drop across R is 

less than V , F2 begins to conduct, and the charge flows in the 

channel of F2 to the input source. The switch F1 will be turned 

ON, when all charge in the depleted channel of F1 has been re- 

moved. The gate voltage VG is maintained virtually at the input 

signal es for any variation of es, because of the very low re- 

sistance of F2. 

This circuit limits the maximum positive input signal to Vcc2' 

if es > Vcc2, the diode D1 will be forward biased, and the signal 

flows into Vcc2. But for the negative input signal, the diode D1 

is always reverse biased, and it can be used for signals less than 

-Vcc2 

The Equivalent Circuit 

During the OFF time, there are two components of current 

s 
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flowing in the load RL: a leakage current flows from input signal 

into source -to -drain resistance (rds 
= roff), a leakage current 

flows from gate to drain (IGDO) because of the applied gate voltage 

(VG Vccl). Both of the leakage currents are of the order of nano - 

amperes and produce a voltage drop across RL of the order of mi- 

crovolts, which is negligible compared to a signal of the order of 

millivolts. 

Figure 5 shows the equivalent circuit of the analog switch oper- 

ating in the ON mode, where the leakage current from the diode D1 

has been neglected. Co(on) is the output capacitance during the ON 

interval; it is the series combination of the channel capacitance C. iss 
and the capacitance of diode Dl. 

Rs r 
on 

Figure 5. The equivalent circuit operating in ON mode. 

The attenuation at the output taking the source resistance Rs 

into account is given by 
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( R R +r 2 
IAI [l+[2 

TrRS ñ RL Co(on)f (2) 

The attenuation is evidently the same for all input signals. For 

the minimum attenuation the load resistor RL should be high, the 

source resistance R 
s 

and ron (which depends on the type of FET) 

should be low. 

When the FET is being turned on, the output voltage will rise 

from zero to its final values with the rise -time t The rise -time r 
tr is inversely proportional to the upper 3 -dB frequency and it is 

given by (4, p. 44). 

f 2 - tr 
0. 35 

(3) 

The maximum frequency of input signal is practically limited to 

the upper 3 -dB frequency. 

The Switching Transient 

It has been mentioned that in order to turn the device OFF and 

ON, the charge which is the pinch -off charge Q , must be supplied 

to the gate to deplete the channel and vise versa. At the same time 

an equal charge will flow from source and drain terminals into chan- 

nel. Obviously, during the transition time a current flows in the load 

RL and source. It is called the feedthrough current. 

RL 
+ 

s 

>-1,Z 

r +R 
s on L 

P 
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The approximate equivalent circuit during the switching transi- 

ent is shown in Figure 6. The pinch -off charge Q is represented 

by the capacitance C , and it is different from C. (at pinch- iss 

off C. approaches zero). r is the resistance from the cen- 
iss cs 

tral channel to source terminal; it is presented in this circuit because 

when the source terminal is connected to ground, part of the charge 

still flows in the load RL. 

C 
P 

o V G 

r cs 

Figure 6. The equivalent circuit during the switching transient. 

The gate control voltage VG is assumed to be a voltage 

source which is equal to Vcc 
1 

in the OFF state, and capacitance 

C has been charged to the voltage difference between V and 
p ccl 

the input signal es. To turn the switch ON, the control voltage VG 

drops to the input signal level with the fall -time tf or time constant 

T, the charge Q will flow in the circuit until there is no charge 

in C 
P 

p 

. 

P 
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Assuming for the input es = 0, then VG Vccle -t 
-t/T The 

voltage equation during the switching transient is given by 

dt (VG) dt -(e 
o 

from V = Q /C, then dv = idt /C, or 

- t/T 
V e e d(e ) ccl o 0 

T R'C + dt 
p 

(4) 

(5) 

where R' is the series -parallel combination of resistances Rs, 
s 

res and RL. 

The solution of this equation is a combination of exponential 

functions. From the boundary condition, there is no current flowing 

in the circuit before and after the switching transient; so e = 0, 
o 

when t = 0 and oo . The maximum voltage across resistance R' 

occurs when d(e ) 
0 

/dt= 0; then the Equation (5) becomes 

e 
p 

R°Cp 

V e ccl 
- t/T 

T 
(6) 

During the transition time from ON to OFF, or turn -off time, 

the control voltage VG rises from O to Vccl. The switching 

transient occurs in a similar manner, but the feedthrough voltage is 

positive instead of negative. For equal rise and fall times of control 

- 

= 

' 

' 
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voltage VG, they should be equal in magnitude. In the actual cir- 

cuit, the waveform of voltage VG is not symmetric between the 

rise and fall times, the magnitude of the feedthrough voltages are 

slightly different. Figure 7b shows the feedthrough voltage during the 

turn -on and turn -off time which has the peak voltages el and e2. 

Equation (6) is valid only for es equal to zero, or in the range 

of millivolts. At high -level signals (one volt or higher), the source 

terminal is connected to the signal while the drain terminal is con- 

nected to RL and ground. During the turn -on time, the positive 

charge from the input flows into the channel rather than flowing from 

ground to the channel. The feedthrough voltage will be lower for 

high -level than for low -level signals, during both the turn -on and 

turn -off times, as shown in Figure 7c and d. 

Design Consideration 

The analog signal is assumed to be limited to the range +5 to 

-5 volts. The gate control voltage VG depends on the type of FET. 

For the FET type 2N4360, V = 3. 2 v, then Vccl 
= 

+9 volts and 
P 

V cc2 = +5 volts. 

The major disadvantage in using the FET as an analog switch is 

the large magnitude of feedthrough voltage from the gate control volt- 

age during the switching transient. This design consideration mini- 

mizes this feedthrough effect. 

1 



mv 

o 

mv 

o 

Figure 7. Voltage waveforms. 
(a) gate control voltage VG 

output. eo, es 
(c) output eo, es is positive 
(d) output eo, es is negative 

(a) 

(b) 

(c) 

(d) 

16 

mv 

(b) 0 

s 

= 
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From Equation (6), it can be seen that the FET parameters 

which involve the magnitude of feedthrough voltage are Q and 

r 
on 

A low charge Q means that a low charge or current is re- 

quired to flow into the channel during the switching transient, and a 

low r 
on 

allows this charge to flow from the source terminal which 

is connected to the low source resistance. Thus selection of the FET 

is based on low values of both Q and r 
on 

Unfortunately, if 
p 

r 
on 

of the FET is low, its Q tends to be high, and vice versa and 
p 

so the FET is chosen according to the minimum product of Q and 

r 
on 

(5). For different types of FET, having products of Q and 

r 
on 

equal or not greatly different, the FET which has lower Q 
p 

will give the better result. 

The source resistance Rs is also a significant factor, due to 

the charge flowing through it into the channel. The source resistance 

is chosen to be low and comparable to the resistance r 
on For such 

a low Rs, the load resistor RL can be decreased to reduce the 

feedthrough voltage. However at the same time it will increase the 

attenuation. The minimum RL is selected which still yields an ac- 

ceptably low value of attenuation. 

Assuming the source resistance R = 100 ohms, r = 240 ohms. Rs 
on. 

For RL = 3. 3K, the attenuation if O. 906. Further reduction in 

results in the attenuation increasing faster than the feedthrough 

voltage drops. 

s 

P 

P 

P 

Sil 
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The other factor is T or the rise and fall times of voltage 

VG. Actually, the rise and fall times of VG vary with the magni- 

tude and polarity of the input signal, and they are longer than the 

turn -On and turn -OFF times of the FET. For convenience, the fall - 

time tf and the rise -time tr, which is measured from 10% to 

90% of the changing voltage VG from 0 to Vcc1, are used to 

define the turn -ON and turn -OFF times. 

For a high -level signal, the feedthrough voltages el and e2 

are small when compared with signa]., so they can be ignored without 

substantial loss of accuracy. 

Difficulty occurs only at low -level signals, when the feed - 

through voltages el and e2 are higher than at high -level. For 

distinction between the feedthrough and the signal, the minimum sig- 

nal must be greater than el and e. For example, since the 

feedthrough voltage e = 130 mv at a switching speed of 500 ns, a 

signal es - < 130 mv can not be used with this switch. In order to 

switch a signal lower than 130 mv, the rise -time and fall -time of 

voltage VG are increased to obtain a decreased feedthrough. The 

feedthrough voltage is now observed to be 22 my at 5 p.s switching 

time, or as low as 3 my for a 50µs switching time. 

At low switching time, the output voltage will have long rise- 

time and fall -time. The maximum frequency of the signal is related 

o the switching time. For a speed cf 5 [Is, the maximum frequency 

of the signal is approximately 200 KHz. 
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IV. THE SERIES -SHUNT ANALOG SWITCH 

In the low -level signal applications, additional circuitry is nec- 

essary in order to further reduce the feedthrough voltage. Figure 8 

shows the shunt switch F3 and its voltage source VG3 including 

the previous series switch (2), and it is operated in opposition to F1: 

when F1 is ON, F3 is OFF. 

Figure 8. The series -shunt switch. 

During the switching transient, the feedthrough current i1 

flows from VG to the load RL, and the current i3 flows from 

R.L into VG3. If i1(t) = i3(t), all of the feedthrough current it 

flows into VG3, and the voltage across RL will be unchanged 

from the current it and i3. It can be seen that the feedthrough 

voltage has been compensated, since the feedthrough currents from 

the two voltage sources cancel each other. 

The FET F3 
3 

also acts as a shunt - resistance of load RL, 

1 

F2` 

F 
1 

R 

D1 / 
vcc2 

OVG VG3 

e 
o 
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and it provides a low resistance during the switching transient. If 

il(t) / i3(t), part of current il will flow in F3, and causes a 

low feedthrough voltage. 

The present compensation is suitable for low -level signals, 

where the feedthrough voltage is greatest. The gate control voltage 

VG drops from Vccl to approximately zero, at the same time 

voltage source VG3 rises from zero to Vccl, so voltage VG3 

is the complement of the voltage VG. 

For complete compensation, the voltages VG and VG3 are 

required to change state at the same time, and to have the same rise 

and fall times. Both of them are operated from the same control sig- 

nal, but their delay times may be slightly different even though opti- 

mally adjusted. In practice the feedthrough current it is incom- 

pletely compensated, and the feedthrough voltage can not be reduced 

to zero. 

Compensation is useful primarily for fast switching speeds. 

For a switching speed of 300 ns, without compensation, the observed 

feedthrough voltage is 180 mv. When it is compensated with the pro- 

per adjustment the feedthrough voltage is reduced to 5 mv. At this 

speed the frequency of the signal can be as high as 500 KHz. 

The compensated circuit also provides another advantage. Due 

to the low feedthrough current in the load RL, RL can be changed 

to obtain low attenauation without raising the feedthrough voltage. 
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V. THE CONTROL SIGNAL 

The Drive Circuit 

In many applications the gate control signal originates in log- 

ic stages with low output voltages (1 to 5 volts). Hence, an amplifier 

is needed to obtain the required voltage, and the conventional transis- 

tor is usually used in this circuit. 

An ideal drive circuit connects the power supply to the gate of 

FET during the OFF time, and disconnects it during the ON time. 

From the previous chapter, assume the control voltage VG = +9v 

to turn the switch OFF, and = es to turn the switch ON. The drive 

circuit is shown in Figure 9. The control signal vs is the digital 

logic type, where the voltage vs = 2v represents a ", and vs = 0 

represents a "0 ". 

Figure 9, Two -transistor drive circuit. 

R 

o+Vcc 
l 

s 

s 

s s 
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In the absence of a control signal vs = 0, the transistor Q1 

is cutoff by the short circuit from base to emitter. The collector 

current is is approximately Ico and it is negligible. The col- 

lector voltage vc1 is equal to the 9v power supply, and there is no 

current in R4 and R5. The transistor Q2 is also cutoff. The 

output voltage VG is zero, and the power supply is disconnected 

from R. 

At the moment that the control signal vs rises to 2v, the base 

current IB1 is sufficient to drive the transistor Q1 into satura- 

tion, the collector voltage vc1 drops abruptly to VCE(sat), and 

the current flows in R4 and R5. The transistor Q2 is driven 

into saturation by the base current IB2 that flows in R5. The 

collector or output voltage VG is approximately the +9 v power 

supply. 

Design Considerations 

The transistors Q1 and Q2 are type 2N5134 n -p -n, and 

2N3638 p -n -p respectively. The switching characteristics of both 

transistors were determined experimentally: the collector voltage 

rise -time is a function of saturated base current, and the collector 

voltage fall -time is a function of the collector and base saturated cur- 

rents, as shown in the Appendix. The circuit design is based on their 

characteristics in Figures 17 and 18. 

I 
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The transistor Q1 is used as an inverter to control transistor 

Q2. For the required output rise -time at 500 ns, the rise and fall 

times of Q1 should not exceed 200 ns. From Figure 18, using 

Rc = 4. 7K resulted in a rise -time of about 180 ns with Rb = 2. 2K. 

To obtain a fall -time equal to the rise -time, a base current of 

IB1 
= 110µA is read from Figure 17. 

The resistors R1 and R2 are selected to have an effective 

resistance (R1 and R2 in parallel) of 2. 2K, and to provide 

IB = 1 10µA. Calculation yields 

R1 =4.7K 

R2 = 4.2K 

The resistor Rc is the combination of R3, R4 and R5. 

Actually R5 is high compared with R3. If R3 = 4. 7K, the rise 

and fall -times will be slightly changed, but only negligibly. 

The transistor Q2 is handled by the same method as Q1, 

and it is nearly independent from the rise and fall times of Q1. The 

simplified circuits for Q2 saturated and cutoff are shown in Fig- 

ure 10 where 

Rb2 = R4 H R (7) 

Rb2, = R.4 
1I 

(R3+R5) (8) 

R 

V R R (Vccl VCE(sat))+VCE(sat) (9) 
4 5 

2 

=__ 5 
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For a short storage time of Q2, if R4 = 1K, the parallel 

combination of R4 and (R3 +R5) is approximately R4. The rise 

and fall times of collector voltage VG can be varied by varying 

R5 and R. 

(a) 

Ro 
b2 

(b) 

ccl 

Figure 10. The simplified circuit of transistor Q2. 
(a) ON 
(b) OFF 

The Compensating Drive Circuit 

The compensating drive circuit provides the pulse output which 

is complementary to the gate control voltage VG, 

ure 11. 

The transistor 

as shown in Fig- 

Q3 is type 2N5134, n -p -n. It is operated in 
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cutoff and saturation at the same time as the drive circuit (Q1 and 

Q2) and from the same control signal. This circuit has an advantage 

in compensation: the output voltages from both transistors Q2 and 

Q3 are symmetric. The capacitor Cl is used to adjust the turn - 

on delay time and the storage -time of transistor Q3 closely to Q2. 

5. 6 K 5K 

^- . 7 K 

o+9v 

15 K 

V 
G3 

Figure 11. The compensating drive circuit. 

4 

ï 
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VI. EXPERIMENTAL RESULTS 

Due to the large control voltage required to operate the switch, 

only one or two picofarads of capacitance between gate and drain will 

cause a feedthrough voltage of 10 -20 mv. For this reason the termi- 

nals of the FET were connected without the use of a socket. The ob- 

served feedthrough voltage then can be determined to be the effect of 

internal capacitance of FET. 

Measurements were taken for two different types of FET: 

U-112 and 2N4360, under normal conditions of maximum inputs +5 

and -5 volts, source resistance = 100 ohms and attenuation = 0.9. 

Type U-112 has r 
on 

= 400 ohms, and a measured Q of 
P 

approximately 48 pico- coulombs. The peak noise level or feed - 

through voltage at various speeds from this type is shown in Figure 

13a. The reduction of source resistance cause's only slightly lower 

feedthrough voltage, due to the high ron and also high RL at the 

same attenuation. 

Type 2N4360 has r 
on 

= 230 ohms, and an approximate Q 

of 42 pico- coulombs. Both r 
on 

and Q are lower than type 

U- 112, and one can expect a lower feedthrough voltage at the same 

speed. The peak noise level at various speeds is shown in Figure 

13b. It will be noted that, its feedthrough is approximately a half of 

the type U-112 at the same speed. Figure 13b also shows the result 

P 
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Figure 12. Output waveforms of dc input. 
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Figure 13a. Typical peak noise at various speeds of U -112. 
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Figure 13b. Typical peak noise at various speeds of 2N4360. 
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Figure 15. Typical peak noise with compensation and without 
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of reducing the source resistance to 10 ohms; the feedthrough voltage 

obtained is 30 -40% less at the same speed. 

For a 50µs switching time, the noise occurred in the period of 

35 and 65 µs, with the peak voltages of -3 and +3 mv respectively. 

The rise -time and fall -time of the output were 8 and 10µs, disregard- 

ing the noise. The maximum frequency of signal is approximately 35 

KHz. The limitation of maximum frequency to the peak noise level 

is shown in Figure 14. 

The results from the experiment of the series -shunt switch is 

shown in Figure 15, for the FET type 2N4360. With a careful adjust- 

ment of the delay time of the compensating drive circuit, a feed - 

through as low as 5 -7 mv was observed for a wide range of switching 

times from 300 ns to 5 µs. 
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VII. CONCLUSIONS 

An analog switch has been designed and constructed for use in 

conjunction with a maximum signal of ± 5 volts, and also was tested 

for low -level signals. The feedthrough voltage was minimized for 

the FET's parameters of low r 
on 

and Q . 
p 

The FET type 2N4360 has the lower r on and Q of those 
p 

available. The peak noise level was as low as 1. 6 mv at a switching 

time 50µs with a 10 -ohm source resistance. The maximum usable 

frequency is approximately 35 KHz at this speed. 

If a maximum signal is in the range* 3 volts, the switching time 

could be decreased to 35 to obtain the same feedthrough, conse- 

quently, the maximum frequency will be increased to 75 KHz. 

With compensation, the peak noise level was decreased to 5 -7 

mv for a wide range of switching times from 300 ns to 5µs. The 

maximum frequency is as high as 500 KHz at 300 ns switching time. 
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APPENDIX 

Junction Transistor Switching Characteristics 

When a junction transistor is operated in the saturation and cutoff 

regions, basically, the condition that hFEIB > I 
C 

is used to deter - - 
mine whether the transistor is in saturation. 

Figure 16. The basic switching circuit of transistor and wave- 
forms. 

The basic switching circuit of the transistor and the waveforms 

are shown in Figure 16 for the n -p -n type, if the p -n -p transistor is 

used the voltages V and vs of opposite polarity. The 
cc s 

rise -time and fall -time used in this paper are measured from the 

collector voltage, and they are different from the standard rise -time 

and fall -time which are defined in the collector current (4, p.765 -793). 

v 
c 

0 t 

are 



The power supply Vcc is fixed at the required pulse output. 

The variables in the circuit are Rc, Rb and IB (or vs), and 

they are used to determine the switching transient. 

The Rise -Time 

by 

36 

The basic equation for the rise -time of collector current is given 

QB+QC 
tr 

IB 1 

(A- 1) 

where QB is the charge which must be supplied to the base to bring 

the transistor to the edge of saturation, QC is the charge required 

to cause the collector junction (depeletion regions between base and 

collector) to narrow and becomes forward biased, and IBl, the 

saturated base current. 

Consider the charges QB and QC as a function of collector 

voltage variation and collector current. If QB and QC are kept 

constant by fixed power supply and collector resistor R , 
c 

then the 

collector rise -time will be a function of IB1 alone. Experimental- 

ly the fall -time tf of the output voltage is observed, which is the 

rise -time of the collector current. The relation of IB1 and tf is 

shown in Figure 17 for the transistor type 2N5134 n -p -n, and 2N3638 

p -n -p. 
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The Fall -Time 

The fall -time is the time required to charge all the capacitance 

that appears between collector and emitter through the resistor Rc. 

The basic equation for the fall -time is given by 

where, 

TcIc+QC 
tf 

IB2 

Tc 
c 

the collector time constant 

IB2 = reverse base current. 

The transistor is biased at cutoff at Vb = O. The reverse base 

current is 

= VBE(sat)/Rb 

Since the VBE(sat) is approximately 0.7 v, the current IB2 has 

only a small variation with changes in the resistance Rb. In prac- 

tice, the fall -time changes very slightly with Rb, especially when 

the resistance Rc is much greater than Rb. Hence, the fall - 

time is determined to be primarily a function of Rc only. The re- 

lation of voltage rise -time t r and Rc is shown in Figure 18. 

The Turn -On Delay Time 

The turn -on delay time is given by 

= 

(A- 2) 

IB2 

c 



QE+QCD 
td 

IB 1 

where 

38 

(A- 3) 

QE = charge which has been supplied to the emitter junction de- 

pletion region 

QCD = charge supplied to the collector depletion region during the 

time td. 

The charge QE is a function of the reverse bias voltage, which 

is constant. The charge QCD is a function of the reverse bias on 

the emitter, and the collector supply. It is also a constant. The turn 

on delay time will depend only on IBl. 
1 

The Storage Time 

The storage time is given by 

is - TbIBX /IB2 (A -4) 

where 

Tb = -= the effective carrier lifetime in the saturated region 

IBX the excess base current that is required to saturate the 

transistor. 

The storage time is a function of IBl and IB2 for a constant 

For the n -p -n transistor, is is low and nearly constant. 

= 
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But for the p -n -p transistor, the time ts is longer and rather vari- 

able. Once, IB1 has been selected for the proper fall -time, then 

IB2 is increased to reduce the time ts. Experimentally, the 

Rb = 1K is used for a sufficiently low ts. 
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Figure 17. Variation in fall -time with IBl. 

Note: 2N5134 2N3638 
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Figure 18. Variation of the rise -time with R . 
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