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setts Inmstitufe of Teehnelegy, Cembndge, Mass., a cor-.

peratmn of Massachusetits
Filed Feb. 17, 1964, Ser. No. 345,469

-5 Clmms.- (Cl 307—88.5)

The present invention relates to bridge networks, and

more. particularly to bridge networks employing gain-

producing elements to provide systems which perform
~ both analog and digital functions. | -
-Analog techmques on the one. hand are superlor to
digital techniques in that such systems are much more
easily synthesized. The foregoing is particularly true in
real time processing. Digital techniques, on the other
hand, offer the advantages of reliability, simplicity of

circuit design, and provide a buﬂdmg bIock approach to

system design.
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The present invention provides a circuit having some

of the advantages of both digital and analog techniques,
such as the use of continuously variable threshold levels

in analog operation. This mode of operation is often de-~

sirable in signal detection in order to avoid the necessity

for quantizing the signal and to avoid the complexity

inherent in the analog to digital conversion process.
Networks according to the invention are also well
adapted to use with the discrete thresheld levels of digital
circuitry and thus permit the burldmg block approach to
system synthesis. The provision of both analog and
digital functions permits my networks to perform digitel
to analog or analog to digital conversions with a mini-
mum of system ce_mp,_lemty Input-output isolation and

adaptability to clock pulse control are provided by my

invention with both the analog and digital functions.
Therefore, advantages of the digital building block sys-
tem approach can be utilized in systems which function
in an analog manner. The reduction in system com-
plexity permits power consumption to be held to a mini-
mum so thet systems meorporatmg my invention are well
adapted for use in space or other remote loeetrons

In general, my invention is characterized by a nevel
garn-produemg bridge network capable of effective opera-
tion in floating or above- ground condition while provid-
ing substantial power gain in accurately transferring the
inpuf- signal to the output,

depending on the particular function desired. By way
of example, circuits utilizing the present invention may
‘provide a highly effective isolation amplifier; a function
generator (D -C. or A.-C. amphﬁer with or Wrtheut feed-
back or a ladder); a linear slope generater delay and
storage circuits; dlgltal—.te analog converters; analog-to-

tractor, multxpher and divider circuits. Furthermore,
systems using the present invention permit a marked

reduction 'in cemplemty and power consumptren whﬂe-

80

providing excellent steblhty

In accordance with the foregoing, my mventren has as
~an object the provision of a novel gam—preducrng isola~
tion and control circuit which makes. possible the pro-
~vision of a wide Varrety of systems havmg analeg and'

~ digital functions.

Another eb]eet is to prevrde relrable hrnh-speed errcult' |

. medules - |

- Another ebjeet 13 the prewsron of’ easﬂy fabrreated
digital’ and analog systems whreh have Iow power con-
_sumption. | o

A further eb]ect is to prewde mterchangeable mrcurt
_medules perfermmg analen or dlgitel funcuens

This makes possible simple
but accurate systems operating in analog or digital modes
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Still another object is the provision of circuit modules
which permit a buﬂdmg-bleck approach to the design of
analog systems.

- A still further object is the provision of deteetmn and
transfer circuits with adjustable threshold levels.

Still another object is the provision of reliable transfer
circuits which shift the input Voltage in predetermmed |
voltage increments. |

Other objects and features will appear from the fol-
lowing description, taken in connection with the accoms-
panying drawings in which:

FIGURE 1 shows the basic circuit conﬁguratlon |

FIGURE 2 shows the basic circuit with prevrsron for
the insertion of an offset voltage in the output veltage

FIGURE 3 shows the basic circuit with provisions for_

the establishment of a threshold voltage.

FIGURE 4 shows symbolic representations of the vari-

ous sub-system configurations wherein: o
FIGURE 4A is the basic straight-through br1dge
FIGURE 4B is the same circuit with positive offset.

FIGURE 4C shews a circuit similar to 4B but wrth
negative offset.

FIGURE 4D is a circuit shewmg the establlshment of
a positive threshold.

FIGURE 4E is a circuit showing the estabhshmerlt of

- a negative threshold.

FIGURE 5 illustrates numerous applications of the
various sub-systems depicted in FIGURE 4 where repre-
sentative functions are perfermed as follows:

FIGURE 5A shows a basic voltage amplifier.

FIGURE 5B shows a threshold detection circuit,

. FIGURE 5C is a storage circuit.

FIGURE 5D represents an analog addition c1reurt

FIGURE 5E is an analog subtraction circuit.

FIGURE 5F is a digital addition circuit.

FiGURE 5G is a digital subtraction circuit.

FIGURE 5H is a digital-to-analog converter.

FIGURE 57 is an analog-to- dlgrtal converter

The basic circuit conﬁguratlon 1llustrated in FIG. 1,
is characterized by a four terminal bridge or diamond.

cenﬁguratren wherein the arms include transistors or.

other gain-producing elements. Moreover, a control cur-
rent is applied to terminals other than the input and output
terminals. - This control current may be pulsed or con-
tinuous and centmls the transfer of the signal from input
to output and the control current is applied in such a

- " manner that the bridge effectively “foats” above ground.

50

- power gain.

The bridge therefore provides controlled samphng with
The use of transistors results in a mode of
operation different from that of eenventmnel brrdge

. CII‘CHItS

digital converters; and simple but effective adder sub- 99

The basm brldge configuration will first be deserrbed
Four nodes 35, 36, 38, 39 to which four transistors are
interconnected forrn the legs of the brldge The bases of

_tranerstore 22 and 24 are connected to input node 38. The

- emitters of transistors 21 and 23 are connected to eutput
" node 39. The base of trar131stor 21 and the emitter of

transistor 22 are connected ‘to node 36, and the base of

transistor 23 and ermtter ef tran31st01 24 are connected te o
ncde 35. . |

Current 7,28 is the current thet flows from the rnput- N

- source into the bridge circuit at node 38 and correspond-

65

ingly, i,27 is the output current that flows from the brldge_ .

circuit at node 39. Current ip41 genereted at current .
source 25 flows into the bridge at node 36. Current. i:42

. _genereted at current source 26 flows out of the bradge
- circuit at node 38. S

70

eI"‘ilEd by the current seurces 25 and 26

Currents i,6, 7, 8 and 9 are those which flow within the |
bridge and are related to signal source cutrrent i.28, the
load current i,27, and both i,41 and i,42 which are gen-

in6,7,8and 9
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are collector currents that enter or leave the circuit, de-

pending upon the indicated polarity at the collectors of

the transistors.
Assume an input signal E;;30 applied by way of input
impedance Z;,31 at node 38 and that current generators 235

and 26 are off. Then iy, in the leg containing transistor 22

“and the leg containing transistor 24 will be zero, for the
current sources 25 and 26 block the path to ground in these
respective branches of the circuit. Further tracing of the
circuit shows that the current is blocked by means of tran-
sistors 22 and 23 in the paths to ground by way of load
unpedence Z,32.

When current sources 25 and 26 are turned on, cur-
- rents /41 and i,42 will flow into and out of the circuit
respectively. As will be explained more fully, E;,30 is
effectively transferred to the output side and appears as
Eou 29. Eiu30 and E,¢29 differ by some small quantity
due to the uncertainty of the components which for the
most part can be ignored. This difference may be nega-
tive or positive and, when several units are coupled to-
gether, differences tend to cancel.

To continue in this analysis, assume that E;;,30 1s con-
tinnously applied to the circuit and that current sources
25 and 26 are switched on for a short period of time,
E,.30 appears across the bridge arms including transistors
22 and 21 and bridge arms including transistors 24 and 23
from node 38 to ground through node 39 and load imped-
ance Z,32. Assume the polarity of E;;,30 holds transistor
22 off and transistor 24 on. Consequently, is28 is related
directly to i.42 by way of the amplification factor of tran-
sistor 24. It will be shown that

7428
s

where g is the amphﬂeatmn factor of the transistor.

During transistion (i.e. while E;, is transferred to

E i) Eout29<En30; therefore, voltage at node 36 1s
_greater than at node 39; consequently transistor 21 is held
in a conducting state, Whﬂe voltage at node 35 is greater
than the voltage at node 39; consequently transistor 23 i1s
held off. It will be shown that Big41==i,27.

The above process continues until the output voltage
Eﬂut29 approximately equals the input voltage Eg,, that
is, the legs of the bridge assume a balanced condition.
When 7,32 is a capacitor, it charges to the input veltage
by means of current i41. If E,12% exceeds Ej,30, tran-

.42
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 gistors 22 and 23 are biased to conduct and transistors 21

and 24 are cut off to restore a balanced condition.
E;.==E.,; when the current generators 25 and 26 are
switched on, indicating a unity voltage gain. The output
circuit is completely isolated from the input circuit when
i,41 and 42 are not flowing; as a result, ;41 and 42 act as
a control gate on the signal transter from input to output.
- During signal transference, transistors 22 and 23 are
cut off. As a consequence, the following relationships

apply:

At node 33 1g28-—1b8 for Ibg =0

At transistor 24: i,8 flows into the base, and gi,8 flows
into the collector; therefore (8-~1)i,8 flows out of
the emitter.

At node 35 then; (84+1)iy,8=i,42 for i, 7=0

Substituting i 28 for i,8; (B+1)is28=i,42

Also at node 36; i, 41==i;,6 for i,9=0

At transistor 21: i,6 flows into the base, and Bi6 flows

- into the collector; therefore (8--1)i,6 flows out of the -

~ emitter.
At node 39: (ﬁ—|—1)1b6—1027 for I, 7=0 _
Substltutmg i;41 for 6; (B-+1)iz41=i,27, and

Coaq . 027
_ 3241_ﬁ+1
zg41——-1342 therefere
| ’3027'

a0
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and i,27=(8-+1)2i;28, or if 8 is much greater than one

- i,=p%,, current gain for the overall circuit is g2.

Three fundamental differences between the present in-
vention and the conventional bridge are now apparent.
These differences are the use of active elements in the
bridge, the symmetrlcal current sources 25 and 26, and the

overall current gain of the circuit.

It will be further noted that if the polarity of E;,30 1s
reversed, transistors 22 and 23 will be switched on while
21 and 24 are held off, but the overall operation remains
the same. Furthermore, transistors 22 and 23 are shown
as PNP type transistors while transistors 24 and 21 are
shown as NPN. The circuit could be reversed, making
transistors 24 and 21 PNP types and transistors 22 and 23
NPN types without detracting from the effective operation
of the circuit,

Two current generators 25 and 26 are shewn Their
midpoint is grounded resulting in symmetrical currents.

- Alternatively, a single ungrounded current source between

nodes 36 and 35 may be utilized. In any event, the cur-
rent source contemplated must have at least a plus or
minus one percent regulation; that is, a relatively constant

current source 1s needed. |
Referring to FIGURE 2, a slight modification of the

circuit shown in FIGURE 1 is illustrated. This circuit

offsets the output voltage with respect to the input so as
to provide a predetermined difference between output and
input voltage.

Rectifier 53 in the leg containing transistor 21 together
with rectifier 54 in the leg containing transistor 24 raises
the voltage of the output V52 such that

Vin5 1 + Veffeet: Veut5 2

where Vst 1S the desired voltage offset introduced by
means of rectifiers 53 and 54. -
The above is one method by which an offset can be in-

troduced. A voltage offset may also be provided by ap-
plying a fixed potential at the output terminal 55 such that
the output voltage 52 is the sum of the voltage produced
by the transistor bridge network and the fixed potential.

- Obviously, the output voltage can be raised or lowered

with respect to the input. In other words, negative as well
as positive offset can be introduced. |

Referring to FIGURE 3, it will be observed that an im-
pedance has been inserted in the collector circuit. With
a voltage threshold applied to the output terminal 59,
transistor 21 will remain off until V,,58 exceeds this volt-
age. When V;,58 becomes greater than V39, current
flows in the collector circuit of transistor 21 and a voltage
V.61 develops across impedance Z62. It will be further
noted that a negative threshold will be established by the
insertion of an impedance in the collector circuit of tran-
sistor 23 and an appropriate threshold voltage applied
at 59.

The foregoing has been directed to networks wherein
the four legs of a network are transistors. While the use
of transistors or other solid-state amplifiers in each leg 1s
preferred, certain substitutions can be made in the legs.
If the two opposing transistors are replaced with diodes,
input signals will be power amplified in only one direction
either positively or negatively depending upon which
group of transistors is replaced. If adjacent transistors
are replaced by two diodes then the amplification factor
of the bridge will be reduced to 8. If other passive ele-
ments are used in place of diodes, isolation is sacrificed.

FIGURES 1, 2 and 3 represent three basic building

~ blocks: a straight through network illustrated in FIGURE =

1, an offset Veltage circuit illustrated in FIGURE 2, and
a threshold circuit in FIGURE 3.
These various circuit conﬁguratlons or building blocks
may be usefully employed in numerous applications and
devices. For ease in describing and illustrating such ap-

plications, the various configurations will first be identified

symbolically, according to FIGURES 4A-E.

FIGURE 4A shows a straight-through bridge. Cur-

75 rent input appearing at terminals 63 and 64 control the
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circuit and gate it “on” or “off.” This current can be
gated or continuous. When in the “on” mode, an input
‘signal applied to terminals 60 will effectively transfer to
terminal 65, the output terminal. The srgnal at this point
expemences power gain without a change in signal level.
It is o be noted that the current termm&ls have open cen-
ters and can therefore be readily dlstmgmshed from the
voltage terminals whlch have sohd centers througheut all
the illustrations. |
~ FIGURE 4B shows a similar circuit; hewever this cir-
cuit introduces a positive offset in the output voliage.
That is, the output will now be some prescribed voltage
higher than the applied voltage.” FIG. 4C shows a circuit
with negative offset. Positive and negative off set’ are in-
dicated by arrows 12 and 13 respectively.

FIGURE 4D again shows a circuit similar to those pre- |

ceding. Here, an input voltage applied to terminal 87 is
eﬁ“ectwely cempared with a threshold wvoltage that may
be applied to terminal 88. When the input voltage reaches
the level of the threshold voltage a pulse is generated in
the collector circuit of the transistor connected between
terminals 63 and 88 as 1nd1eated by arrow 14.. FIGURE
4E shows a circuit generating' a pulse as indicated by ar-
row 15 when a negative veltage is applied to terminal 8§9.

Using the above symbolic representations, several rep-
resentative applications will now be deserrbed in con]une-
tlon with FIGURES 5A-J.

In FIGURE 5A,; a voltage amphﬁer 18 shewn Vin'?l

is apphed to the bndge circuit and impedance Z;72 in
~ series.

Vout74 is taken across both 1mpedance 7,72 and

Z,73. A constant current is applied to the bridge at ter-

minals 63 and 64 unless it is desired to have the output
gated. The voltage amplification for this circuit is:

| -A.-Vh_:l'_.-%Zg_

Z1—|fzz"'

The above unit may be used as an A.-C. amplifier or a
D.-C. amplifier. In either case feedback is present and a
voltage gain greater than unity is obtained. Several other
function generators may. be provided by this configuration.
Using feedback techniques, voltage functions with respect

to time can be generated. Further “using variable- offset'

circuits in which the offset is controlled by feedback from
the output level, a variety of useful functions can be gener-
ated. For instance, a linear slope generator, a delay cir-
cuit, and even a Iadder elremt generater can be con-
structed,

FIGURE SB shows 2 thresheld detectlon c1rcurt Whleh |

fllIlCtlDIlS like a Schmitt trigger. For example, if a con-
stant voltage Vi, 75 is applied to the circuit and a ﬁxed
voltage V79 applied to the bridge at its usual output ter-
minals, current pulses 76 and 77 applied to the circnit will
cause an output 78 to appear only when Vm‘?S >V79
very flexible trigger is now available in that the threshold
- voltage V79 can be readily changed without disturbing the
rest of the circuit, a feature not found in conventional
schmitt triggers. |

In FIGURE 5C a storage system is shown
| mput Vin80 will be transferred any number of units down,
prevrded gates P;,81 and 83 are switched on. When P;,81
is switched on, Vi,80 transfers to C;82 and held.: When
.P283 is switched on, Vi, 80, now at C,82, transfers 10 C284

When the stered 1nfc}rmat10n is desired, P, and any pre-

ceding units must be gated on. ‘Accordingly, when P85
1s switched on, voltaﬂe VmS{b now at 0284 WIII be t1ans-
- ferred to Cgy86. SR ORI
. “FIGURE 5D shews an analog addrtlen system.
| .Assume a swnal voltage V192 is - to be added to V293
Signal V192 is applied to brrdge 94, When br1dge 84
- ‘and bridge 98 are swnehed on simultaneously by means
.of gate pulse P,160, V192 1s ‘transferred to -Ci%96 -and
held there. When brldge 95 is switched on by means

- of pulse P,110, V293 is transferred to Cy97. Read out

AIZI
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V.99 will be across C,97 and C;96 and will indicate
the sum of the two voltages V192 and V,93.

FIGURE 5E shows analog subtraction. Vziwl 18
transferred to C,106 by way uef 163. V162 is trans-
ferred to C; by way of 104. Ground in both instances
is' transferred to the midpoint of C,106 and C,;165 by
way of 108. 163, 104 and 168 would be switched on
simultaneously by means of a current pulse applied to
them individually from a common current source. 1907
is then switched on for read-out. V, is read across C.
in the forward direction and V, is read across C; in the
negatwe direction; consequently, 109 1nd1eates the dif-
ference in the two signals.

FIGURE 5F shows digital addition. Assume, for the
moment that no voltage appears across C114 or Ci13.
When a pulse P;111 appears at bridge 116, Ci13 in-

creases its voltage as a result of the offset, indicated by

the arrow. If the indicated offset is 1 volt, C113 receives
a 1 volt charge. The voltage across C113 is thereupon
transferred to C114 by way of bridege 115 which is con-
tinuously switched on at prescribed intervals.

If the above pulse P;111 is, by way of example, a train
of five pulses, for each of these pulses the capacitor C113
receives a charge one volt greater than C114 due to the
iset. Bridge 115 then transfers the increased voltage
to C114, raising it to the same voltage as Ci13. When

| —

the next pulse in the train arrives, C113 again is charged

one volt higher than C114, but C114 is now at a higher
voltage than it was due to the previous pulse. Ultimate-
ly, both capacitors become charged to 5 volts.

Likewise, if P2112 is a train of three pulses, the offset
of 117, which is identical to that of 116, causes capaci-
tors 113 and 114 to become charged an additional 3
volts. The sum of pulse trains 111 and 112, eight volis,
is at 118 for read-out.

FIGURE 5G shows dlgrtal subtraetmn with bridge
128 providing a negative offset. That. 1S, when a pulse
1s applied to 128 form P,121, the voltage across C123
is reduced. Accordingly, bridge 124 will cause capaci-
tors 125 and 122 to lcharge to 5 volts 1f the offset is agsm
one volt and P,129 is a train of five pulses, If P,121 i1s
4 train- of three pulses, bridge 128 will reduce the voltage
across C125 and C122 by three volts. Therefore read-

- out 126 wil be the difference of these two voltages or |

55

two volts in this instance.
FIGURE 5H shows digital-to- aneleg conversion. Reg-

- ister 131 causes multivibrator 132 to pulse bridge 133

50

55

A voltaﬂe n

60

65

75

than C,135.

will occuris:

Where AV is the Veltage eﬁset of blrdge léM
that 145 is swrtched onand a voltage drfference on Cr148
passed to ground 147 a positive pulse is generated across

a prescribed number of times. Again, bridee 133 has
an offset. For convenience assume cne volt. If the
voltage across C135 and Cp 136 is zero, brrdge 133 will
cause Cp to increase its voltage by one volt greater
However, as C;136 charges up one volt
higher, by means of resistor 134, C135 also charges up
to the increased voltage a short while later.. The in-
crease continues with each pulse producing an analog
output V,,:137 which will appear as waveform 138.
FIGURE 57 shows analog-to-digital conversion. Ana-
log input V141 is applied to bridge 142 and is trans-
ferred to Cg158. Cp,148 charges up to the same voltage
as C; by way of resistor 149. Multivibrator 143 switChes

-on I44 and 145 alternately ‘When 144 is switched on,

the voltage across C; 148 is reduced cne volt. - A path te
ground for the discharge of the difference in. voltage is
provided by means of bridge 145. The process continues
until the voltage across both capacitors C;150 and C; 148
is reduced to zero. The number ef t1mes “n” that th1s

lefil
AV

Eaeh time

the impedance threshold inserted in the collector of 145 : L |
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as explained earlier and consequently registered at reg-
ister 146. |

The performance of a given tran31st0r network 1s
very much affected by its components. This can be

seen by an examination of three formulae:

_(1) For speed, Sp= Pg'e

(bits second)

4V3,
o

(2) For power requirements, P.o=KS

1
(VoI Vo) +(ValVo)+(Vi/Vo)

where; Sp.—_speed P.,c=—average power; S=stability; K
is a constant; V, the gate supply voltage; R, the output
impedance of the bridge; Vg the change in 1nput voltage
due to sampling; V, the minimum change in output
voltage due to sampling, Vd the voltage transfer uncer-
tainty due to variation in emitter base structure; Vi,
change in output due to discharge in C, an outpui ca-
pacitor through R, durlng time interval T.

The transistor brldge is extremely fast and requires
little power. However, if an unusual requirement in
one or the other is made, an inspection of the first two
formulas indicates one must be sacrificed for the other.
Stability is also reflected in the determination of speed
and power needs. Stabﬂlty determines the accuracy of
the device and hence is of prime importance. Speed
and power requirements can usually be neglected and a
very .satisfactory device will nevertheless be produced,
while concentrating entirely on stabﬂlty

From the third formula, stability is determined by

three factors. -The first is input stability and is indi-
cated by the ratio V./V,. This ratio is kept to a mini-
mum by matching the 1mpednnce placed across the input

terminals with that of an impedance placed across the
output terminals. In practice, this factor 1s of little
significance.

The second factor aﬁeetlng overall stability is offset
stability and is indicated by the ratio Vy4/V, With a
proper selection of matched transistors, this ratio can
be kept to a minimum. In practice, with little effort one
millivolt has been achieved. It will be noted . that this
is the most significant factor of the three. However,
it may have a positive or negatlve value and when one or
more bridges are tied together is self canceling.

The last factor to be considered is storage stability and
is indicated by the ratio of Vi/V,. This latter factor
is the result of leakage from the output capacitor and is
a function of C,, R, and time T. This factor can be
kept small by increasing R, which is easily done by
selecting silicon transistors. Furthermore, it can also
be reduced by a proper design in holding time and an
appropriate selection of the size of capacitor C,. Again
this latter factor is relatively small and can be optlmlzed
in.design.

Many digital systems have been illustrated utilizing
Such illustrations are merely

representative of the diverse uses of my invention In a
variety of systems.
1 claim as my invention:
1. A bridge network comprising,
mput means,
output means,
four transistors,
two of which are NPN ftransistors, and
two of which are PNP transistors,
a first group of said transistors comprising
an NPN transistor and a PNP transistor having
‘their bases connected together,
‘a second group of said transistors comprising an
" NPN transistor and a PNP transistor having
- their emitters ¢onnected together,

(3) For stability, S=
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said first group of interconnected transistors hav-
ing their emitters connected to the bases of
said second group of interconnected transmtors |
positive and negative biasing means,

said PNP transistors having said negative bias ap—
plied to its collectors, |

said NPN transistors having said posifive bias
applied to its collectors,

current generating means for gating said tran-
sistors on and off having first and second leads,

said first lead of said current generating means
connected to one point of connection between
said first and second group of transistors,

said second lead of said current generating means
connected to the second point of connection
between the first and second group of tran-
sistors,

sald input means connected to said base con-
nections of said first group of transistors, said
output means connected to said emitter connec-
tion of said second group of transistors.

2. A transistor bridge according to claim 1 wherein
said current generating means is two symmetrical cur-
rent sources connected in series with the midpoint con-
nection between said symmetrical current sources
grounded,
said symmetrical current sources being so arranged |

as to be of instantaneous opposne polarity, with

respect to ground,
said current sources. havmg
plus or minus one percent. |
3. A transistor bridge network aceerdlng to clalm 2

which further includes,
an input impedance having first and second leads
said first lead of said input impedance eonnected to

the point of connection between the bases of said
first eroup of interconnected transistors,
said second lead of said output impedance connected
to ground,
an output impedance having first and second leads,
said first lead of said output impedance connected to
the point of connection between the emitters of said
second group of interconnected transistors,
said second lead of said output impedance connected
to ground,
said input and output impedance bemg substanually
~ identical. |
- 4. A transistor bridge network according to claim 3
which further includes two rectifiers in the emitter cir-
cuit in series with two similar in type transistors whereby
the output will be offset a predetermined increment from
the input,
- 5. A transistor bridge network according to claim 4
which further includes an impedance inserted in the col-
lector circuit of a preselected transistor whereby thresh-
olds can be detected.

regnlatlon of at least
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