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COND application of an old concept, Kirchhoff's current law. This
SPHERE derivation has suggested the name of the new technique.

|KSHIELD A block diagram of a typical data-acquisition system is
>|-SHIELD shown in Fig. 1. The source may be either analog or digital. A

VTVM buffer stage is usually inserted between the source and the
Ok- transmission line for matching purposes. The transmission line

typically extends over some distance to the central computer
facility where the signal is multiplexed, conditioned, digitized
(if not already digital), and fed to the computer.

ient for potential measurement. In data-acquisition systems there is usually a choice to be
made between transmitting the data in digital or in analog
form. Each scheme has its own merits and limitations. As will

nt used to determine the free poten- be shown, a potential advantage of the analog transmission
,z HV lines. The sphere is mounted on scheme developed here is a considerable saving in cable costs
by a nonconducting tripod. A 3-ft rod especially if the sensor is located far from the computer

facility.
,n calculated values of free potential The system described in this paper derives from the scheme
m the measurements was found to be shown in Fig. 1. To minimize the susceptibility to noise (both
1 results are listed below. ground potential and radiated), the signal is transmitted in the

form of two complementary currents over a shielded twisted
0 s pair. Information is encoded as the difference between the

5 6 7 5 6 7 currents flowing in the wires of the pair. This mode of
transmission also provides for a natural simplicity in signal

2.45 3.00 3.60 4.60 5.60 6.58 switching. To further minimize cabling cost, the buffer stage
2.47 3.10 3.72 4.42 5.30 6.30 is powered over the same lines that carry the signal. In the

following section the system components are considered in
a three-phase line of the configuration some detail.
h = 34 ft, s = 22 ft and an operating

THE BUFFER
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The Kirchhoff Data Link

K. C. SMITH, MEMBER, IEEE, AND
A. SEDRA, MEMBER, IEEE

Abstract-A system is introduced for the acquisition of analog or

digital data from a large number of remote sensors and its transmission
and collection at a central processing facility. The system features
buffering or impedance matching of the signal source, fundamental
noise immunity to radiated and ground noise, integral power supplied
along the signal lines, as well as fundamental ease of signal switching.

INTRODUCTION
This paper introduces a novel solution to a typical systems

problem namely, the acquisition of analog or digital data from
a large number of remote sensors and its transmission and
collection at a central processing facility. As will be shown,
the novel concept in the system described results from a direct
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The key to the system is the buffer whose essential role is to
convert the input signal from its natural mode into a pair of
currents whose difference is proportional to some signal pa-
rameter. In some designs the pair of output currents vary in a
complementary fashion (that is while one increases the other
decreases by the same amount), though this is not a necessary
condition. The currents produced by the buffer are conducted
in the two wires of a shielded twisted pair. In addition to its
environmental noise-rejection function, the shield provides a
return path for the difference between the currents flowing in
the wires of the signal pair.

Fig. 2(a) shows a black-box representation of the buffer
stage. It is essentially a four-terminal network with terminals
labelled V, C, P, and N. Terminal V represents a voltage input
terminal with ideally zero input current and infinite input
impedance. Terminal C represents a current input termina-l
with ideally zero impedance. Moreover, the voltage at C is
ideally equal to the voltage applied to V [ 1]. Terminals P and
N provide the positive and negative power leads through which
a biasing current always flows as well as carry the signal
currents. In the no-load situation, i.e., zero current through
terminal C, a biasing supply current will flow into terminal P
and out through N.
According to the nature of the signal source, there are

various schemes for its connection to the buffer stage, which
will be considered in detail subsequently. In each of these
schemes one has to arrange for a current proportional to the
signal to flow in terminal C. Application of Kirchhoff's current
law will indicate that this current will be reproduced as a
change in the currents at the terminals P and N. In some
designs this change will occur symmetrically in both P and N
in a complementary fashion while in others it will be single
ended occurring in either P or N while the current in the other
does not change. Therefore, the signal will be transmitted in
the form of alteration in the current through either P orN or
both. At the receiving enid a subtraction of these two currents
will recover the original signal.
Before proceeding further to the modes of application of

such a buffer, it is appropriate to consider some possible
implementations. A simple yet excellent implementation of
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Fig. 1. System for the buffering, transmission, multiplexing, and reception of analog or digital signals.
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Fig. 2. Typical buffer elements receiving power from and transmitting
differential signals on connecting shielded twisted pair. All FET's
should be in close thermal proximity.

the buffer is shown in Fig. 2(b) where two complementary
field-effect transistors (FET's) are connected as a self-biasing
follower. The FET's should be matched to a reasonable degree
for IDSS and Vp. The end-to-end value of R1 establishes the
quiescent standing current through T1 and T2 that under the
no-load condition (terminal C open) will flow in terminal P
and out terminal N. The tap on R 1 is adjusted to account for
minor mismatches in T, and T2 such that the voltage at C is
zero for a zero input voltage at V (referred to a shielded
ground return external to the buffer). The input impedance
of such a configuration is typically very high. The output
impedance, however, is limited to (l/2gm R /4) where gm
is the FET transconductance. This circuit is of the comple-
mentary type where both Ip and IN change equally but with
opposite sign so as to reproduce any current through terminal
C, i.e., Ip - IN = IC with the positive directions taken as indi-
cated in Fig. 2(a).

Fig. 2(c) shows an improved implementation of the buffer
with similar complementary characteristics. Transistors T3 and

T4 are added to reduce the output resistance at C. Resistors
R2 and R3 directly control the current levels in transistors T,
and T2, respectively, hence can be used to establish their
operating points independently. One of these (say R3 ) can be
used as the zero adjustment. Resistor R1 is normally center
tapped. Its value together with the Vp characteristic of T1 and
T2 establish the currents in T3 and T4. Again it is evident
that the currents Ip and IN are equal for a zero input voltage
signal at V and any load on C, provided the zero is adjusted
correctly.

Fig. 2(d) shows an alternative scheme [2] that belongs to
the single-ended type or noncomplementary. It uses two
identical FET's that are more easily matched and exhibit better
thermal tracking than complementary pairs. In this circuit T2
is self-biased via R2. The drain current so produced flows
through R1 connected to T1. If T1 and T2 are matched and
R1 = R2, then clearly the voltage at C is the same as that at V
to a good first approximation. Adjustment of R2 will com-
pensate for small mismatches. Although the current in T2
(i.e., IN) is forced to be constant by its biasing arrangement,
the current in T1 (i.e., IP) will vary by the total amount Ic to
satisfy Kirchhoff's law. Thus this implementation is of the
single-ended variety.

CONNECTION OF THE SIGNAL SOURCE TO THE BUFFER
A variety of connections of the signal source to the buffer

are possible, some of which are shown in Fig. 3. The most
straightforward one is that shown in Fig. 3(a) where the
source is connected directly to V, in which case the input
impedance is very high. Thus the source is virtually unloaded.
A resistance RL is connected to C in order to accomplish the
voltage-to-current conversion.

In the event that the signal is essentially a current source in
nature, the connection in Fig. 3(b) is possible. Due to the
low impedance at C, the signal current source will be virtually
unloaded. A possible disadvantage, however, is that this
connection has no current gain; that is, the line current differ-
ence is identical to the signal current. Accordingly, for very
low signal currents the line signal-to-noise ratio may be
prejudiced. In this case a modification of Fig. 3(a) may be
useful in which the signal source current is fed into a resis-
tance shunted from the V terminal to ground. The current gain
in this case will be the ratio of this resistance to that connected
to terminal C. In case a source termination is required a
simple variation on Fig. 3(b) as in Fig. 3(c) may be used.
When very high transconductances are required to handle

very small voltage signals, the scheme of Fig. 3(d) may be
useful. Because of the bootstrap technique it requires, how-
ever, that the source be floating. A very high input resistance
should also result.

THE RECEIVER AND A TYPICAL SYSTEM

Fig. 4 shows some of the details of a typical system in which
the buffer stage of Fig. 2(b) is used. Since the signal source is
a voltage, it is connected to the voltage terminal of the buffer.
Resistance R6 provides for the conversion of the voltage signal
into a current through C. This in turn is reproduced as a pair
of complementary currents that flow (superimposed on the
bias current) through P and N and hence are transmitted over
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Fig. 5. Simple current switches.

the shielded twisted pair. As shown, the shielded twisted pair
is part of a switched network of such cables. The particular
cable and its signal source are selected by a part of a multi-
plexer switch array that may be distributed, as shown,
throughout the system. The switches may be implemented
with FET's or bipolar transistors. Switch control cables are

not shown since the best implementation would vary with the
system, from single selector leads to a generally distributed
bus carrying coded switch-selecting data.
A simple but satisfactory receiver circuit is shown connected

to the cable at the central end. Current from theN terminal of
the buffer finds its way through the cable and switches to
transistor T3 of the receiver. Diode-connected T3 transmits
this current through R3 to the negative power supply. As this
current varies, the voltage on the base of T4 varies as does the
current in R4. For the case of R3 = R4 the current in the
collector of T4 is the same as (or in general, some known
multiple of) the current from the N terminal of the buffer. A
similar argument shows that the current in the collector of T2
will be equal to that flowing in the P terminal of the buffer.
The connection of T2 and T4 provides for the difference in
their collector currents, which is equal to the signal current
through the terminal C of the buffer. This difference is
available at point Z at a high impedance. If desired, this
output current can be passed through a resistance R8 to
provide for an output voltage proportional to the signal
voltage Vs, with a gain of (R8/R6).

In case it is required to properly terminate the transmission
cable, this can be easily done by choosing

R1 =R2 =R3 =R4 =R0 - 0.05/I,

where Ro is the desired terminating resistance for each wire to
ground, and I is the standing current flowing through Ts and
T6. This formula is obtained by observing that the current
flowing in each of T, and T3 also will be I. Thus, each of
these diode-connected transistors will have an average resistance
of 0.051I Q2 for silicon junctions at room temperature. The
terminations provided in this manner are essentially for each
line to ground. If an additional differential-mode termination
is required, this should be capacitively coupled as represented
by R7.

MULTIPLEXING OR SELECTOR SWITCHES

Since the switched signal leads also provide power to the
input buffer, there is no need to provide alternate paths for the
switched currents. Thus a variety of simple switch schemes
are possible. Some of these are shown in Fig. 5. Due to the
fact that a pair of switches is required for each source and its
cable, two switch control signals are inherently required. This

is shown in Fig. 5(a) for the case of complementary FET
switches. In many cases, however, the pair of signals is easily
derived from a single source. Such a scheme is shown in
Fig. 5(b), which also illustrates the fact that very imperfect
switches can be used. Transistors T, and T2 of Fig. 5(b) are
bipolar devices having, in general, collector-to-emitter offset
voltages and resistances as well as finite beta. However, none
of these defects impair operation.
Consider the base current required to turn on T, and T2.

This must be large enough to force both T1 and T2 on for the
range of collector currents expected. However, provided these
two base currents are equal their value is not critical since they
will flow back to the receiver to produce zero net signal
current. When the base of transistor T3 is brought more
negative than the positive signal line, T3 will turn on forcing
T, on. Current from T, will flow through7T3 to turn T2 on.
These two currents will be nearly equal, particularly if T3 is a
Darlington pair or a FET.

CONCLUSIONS
It has been shown that a circuit-design approach can provide

novelty and versatility in system design of data collection
systems.
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Further Possibilities of the Modulated Subcarrier Technique
for Microwave Attenuation Measurements

in Industrial Applications

JERZY KALINSKI

Abstract-In this paper a microwave system for attenuation measure-
ment by means of the modulated subcarrier method supplying addi-
tional information on the actual parameters of the system is described.
The information can be used for automatic control of output signal
indicator sensitivity making the results independent of the instability of
these parameters. Experimental results are reported illustrating the
validity of the analysis.

I. INTRODUCTION
The microwave system for attenuation measurement by

means of the modulated subcarrier method described by
Schafer and Bowman [6] is now widely used for measurement
purposes owing to its good linearity, high sensitivity, and wide
range of measured values. Many authors analyzed the possi-
bilities of this system [ 51. Among others, some previous pub-
lications of the author [2], [31 dealt with the modulated
subcarrier method, particularly with a chance of automatic
compensation of results obtained under fluctuating ambient
conditions and in longer time intervals for the variation of
microwave signal source power and detection efficiency. Such
a compensation is of considerable importance when using the
modulated subcarrier systems as input transducers in automatic
control systems of industrial processes. In those systems the
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