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A New Method of Current Switching for Linear
Wide-Range Measurement Systems

Eduardo Winston Pontes and Ademar Ferreira, Member, IEEE

Abstract—This new and general method here called overflow
current switching allows a fast, continuous, and smooth transition
between scales in wide-range current measurement systems, like
electrometers. This is achieved, using a hydraulic analogy, by
diverting only the overflow current, such that no slow element is
forced to change its state during the switching. As a result, this
approach practically eliminates the long dead time in low-current
(picoamperes) switching. Similar to a logarithmic scale, a compo-
sition of n adjacent linear scales, like a segmented ruler, measures
the current. The use of a linear wide-range system based on this
technique assures fast and continuous measurement in the entire
range, without blind regions during transitions and still holding
suitable accuracy for many applications. A full mathematical
development of the method is given. Several computer realistic
simulations demonstrated the viability of the technique.

Index Terms—Fast electrometers, linear electrometers, low-
current switching, wide-range current measurement, wide-range
electrometers.

I. INTRODUCTION

IDE-RANGE current measurements have been nor-

mally performed by the use of logarithmic amplifiers
like that described in [1] or by switching scales on linear
amplifiers [2]-[S]. The choice of one or the other is based
on the application. When accuracy is not the main factor and
a continuous and smooth measurement without dead time is
desirable, the logarithmic amplifier can be a good choice. On
the other hand, when accuracy is the primary factor, a linear
approach is preferable.

Wide-range current measurement is extensively used in many
fields, such as in nuclear science [6], [7], where ranges from
picoamperes (or fractions) up to few milliamperes are com-
mon. In certain cases, the most demanding applications require
monitoring a variable continuously and accurately in an ex-
tended range of many decades, without blind regions during
transitions, and with a good time response. Switching current
near the picoampere range, however, implies long dead time
(seconds) caused by large-time-constant transients, which are
characteristic of the circuits operating in these conditions. This
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Fig. 1. Cross sections of (a) a vertical stack of pipes and (b) a gutter. The
direction of the fluid stream is perpendicular to the plane of this page.

factor therefore suggests not using traditional switching for
these particular purposes. Considering this fact, this work seeks
to combine in a single concept the advantages of the linear and
logarithmic systems, i.e., continuous monitoring, appropriate
time response, and suitable accuracy, as applicable to certain
wide-range measurement systems, like electrometers. In this
way, it pursues a different goal from certain approaches, such
as those in [1]-[8], and from other specific techniques, like that
in [9]. Also, different from a recent work [10], our work aims
at using a new general methodology and development for that
purpose.

This paper is organized as follows: Section II presents the
general concept of the method, Section III shows how to apply
this concept for the purpose of building an overflow current
switching (OCS) measurement system, Section IV focuses
on the corresponding processing alternatives, Section V deals
with some design considerations, and Section VI performs a
simulated application for the purpose of demonstrating the
method.

II. CONCEPT OF THE METHOD

The concept of the OCS method can be better understood by
making use of a hydraulic analogy as next described.

Let us consider a set of rectangular section pipes
(Py, Py, ..., P,) having the same height (H) but different
widths (W1, Wa, ..., W,,), vertically stacked as shown in
Fig. 1(a). This arrangement is connected to a gutter [Fig. 1(b)]
having the same cross-sectional profile, so that a fluid stream of
constant speed in the gutter, representing the electric current to
be measured, can be smoothly directed to the pipes.

Note that each pipe has different limits (section area or scale)
for the fluid flow. For a small fluid flow ¢, only pipe P is being
used, i.e., is active, at a height (potential) h;. Increasing the
flow continuously, its potential increases proportionally until
threshold H is reached. Increasing a little more, the overflow
diverts to pipe P», proportionally increasing its potential ho
from zero up to H. The sequence continues until the last pipe
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Fig. 2. Cross sections of two stacks of pipes: (a) Horizontal and (b) hybrid
H'V (one horizontal and n — 1 vertical) configurations. The gutter is the same
as that in Fig. 1(b).

P,, becomes active and reaches full scale. Reducing the flow,
the process is inverted.

This procedure provides a smooth and fast switching be-
tween two adjacent pipes (scales), practically without transient,
compared to a traditional switching mode where a pipe would
be replaced by the next, resulting in a large and slow transient.

Proceeding with our analogy, let us now develop some quan-
titative analysis. Consider in Fig. 1(a) the last pipe to become
active, for example, P,,. It conducts a flow proportional to the
potential h, (0 < h,, < H), and the 7 — 1 previous pipes are
fully conducting each one a known constant flow proportional
to the potential H. The total flow is the sum of the individual
flows of all active pipes and could be measured by 5, where

h=hy+ (n—1)H. (1)

Thus, although h is not measured directly in a vertical stack,
knowledge of 77 and h,, in (1) is sufficient to determine the total
flow.

On the other hand, the pipes could be horizontally stacked as
shown in Fig. 2(a).

In this case, when the potential h; of the pipe P; exceeds H,
only the overflow fraction f,, ;1) is diverted to the pipe Pj1,
where

fov(j+1):Wj+1/(W1+W2+"'+Wj+1), forl <j <n.
2

All the previous conducting pipes remain filling with the
fraction 1 — foy(j41)- When the last pipe becomes active, all
the pipes are filling together until they become simultaneously
full.

Unlike the vertical arrangement, where the maximum poten-
tial of pipe j is hyax(;) = H, in this case

Pmax(j) = (0 — 7+ 1)H, forl1 <j<n. 3)

Note that this arrangement could be interpreted equivalently
as being vertically stacked with pipes of height H, but with
equivalent widths
chl = Wl

Weq(y =Wi+Wo—+---+W;, for2 <j <n.

“)

Extending the concept a little more, a hybrid arrangement
could be conceived. An example of a stack of one horizontal
and n — 1 vertical pipes, here called the H'V stack, is shown
in Fig. 2(b). In this case, only pipe P; is permanently filling,
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Fig. 3. Single-scale linear current arrangement.

i.e., only P, is filling when h < H, or the pair of P; and P, is
simultaneously filling when A > H. Thereby, (2)—(4) should be
modified to

fov41=Wigt/Wi+Wjp),  forl<j<n (5)
hmax1=nH hmax(j) =H, for 2 <j<n (6)
Weqn=W1  Weqijy =Wi+Wj, for2<j<n. (7)

For all presented arrangements, the total flow is the sum of
the flows of all active pipes or all pipes. Considering the last
two arrangements as vertically stacked in an equivalent fashion,
also, knowledge of only 7 and h,, (0 < h,, < H) is sufficient to
determine the total flow.

However, much more significantly, for the horizontal and
hybrid stacks, the potential h; = h of P, can measure directly
the total flow. It can be considered as a ruler composed of a
set of n linear adjacent segments (scales) that, when properly
calibrated, can represent the total wide-range flow, similar to
a logarithmic scale. As an example, the linear segments could
be 0-1, 1-10, 10-100, 100-1000, etc. Because of this important
property, the horizontal and hybrid stacks will be fully analyzed
subsequently. Although not implemented in this paper, the ver-
tical stack concept is useful to obtain equivalent and synthetic
equations for the horizontal and hybrid arrangements, as will be
explained in the next section.

Finally, although the maximum height has been limited to H
in order to facilitate the explanation, each pipe could have any
height limit, i.e., Hy, Ho, ..., H,,.

III. N-SCALE OCS SYSTEM

We now apply the concept of the hydraulic analogy just de-
scribed for the purpose of implementing an OCS measurement
system.

Let us start from a single-scale linear current system for
positive input current ¢ (entering the amplifier) as shown in
Fig. 3.

Normally, Z; is the parallel association of a resistance R
with a capacitance C, but for the dc analysis developed in this
section, Z; = Ry is considered. Therefore, the output of this
system can be written as

vy = —Ryi; = —Ryi, for vy > Vi ®)
considering Vi < 0 as the full-scale voltage, A — oo, and
other ideal characteristics for the amplifier block.

Let us consider Vip1 (Vis < Vinn < 0) as a threshold voltage
playing the same role of the first height A on the hydraulic
analogy. To add or stack a new scale, the overflow current for
output voltages v; < Vi1 needs to be drained from the input
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Fig. 4. N-scale OCS arrangement.

node. This can be accomplished by introducing a new loop
composed of a new scaling impedance Z, connected to the
output of an amplifier stage with gain G, as shown in the
N-scale OCS arrangement in Fig. 4, such that

Vg = G2(1)1 - Vthl) &)

where Go > 0 for v1 < Vi1 and Go = 0 if otherwise, corre-
sponding to an ideal biased amplifier with a threshold V;y;.

In this arrangement, the impedance Z, is equivalent to a new
stacked pipe, and the potential of the input node is equivalent to
the zero height (reference level) of each pipe. By increasing the
input current ¢, the output voltage vy increases proportionally
in magnitude until reaching Viy,;. If the current continues to in-
crease, the second scale becomes active, and the output voltage
Vg starts increasing in magnitude from zero, proportionally to
the overflow current io. Thus, the voltages v; and vy = 0 are
not forced to change during the switching, giving practically
zero switching time, independent of the impedance values 7
and Z,. This is an important result because high-value scaling
feedback resistances in parallel with parasitic or feedback ca-
pacitances give large time constants (e.g., 10! ©//10 pF —
7 = 1 s). The same above reasoning can be applied to the other
stacked scales 3,4, ..., n.

Differently, in a conventional low-current switching having
a scaling factor of k£ (e.g., kK = 10) between two consecutive
scales, long dead times would result from the forced voltage
changes, Vi, to Vi /k or vice versa, across large resistances.
This effect could be considered undesirable, as in certain ap-
plications requiring continuous and fast response. As indicated,
the OCS method eliminates this drawback.

Proceeding with the analysis of the method, we develop
general equations for the arrangement in Fig. 4. In this way,
(9) transforms into

v; = Gj (v1 = Vingjo1)) 5 for2<j<n (10
where Gj > 0 for v1 < Vi (j-1) and G; = 0 if otherwise.

Also, the input current 7 can be calculated as

i=d1+ix+ o tip = —(vi/B +v2/Re+ -+ vn/Rp)
(11)

where Z; =R; (1<j<mn), for the dc analysis, was

considered.

From the arrangement in Fig. 4, horizontal and hybrid stacks
comprising several scales arranged as a linear wide-range ruler
in v; can be developed.

A. Horizontal Stack

The horizontal stack is the simplest arrangement and can be
implemented directly from the conditions established earlier.

As (10) does not impose any specific limit to v, this arrange-
ment is analogous to the horizontal stack of pipes in Fig. 2(a),
where G; has only a multiplier effect on the scale j.

We will now derive an expression for the input current 4,
aiming at benefiting the further mathematical development and
understanding of the method.

Interpreting this horizontal stack as equivalent to a vertical
stack, the input current ¢ can be written in a condensed form as

i = ITeq(n-1) + teq(n)

= Iteq(n-1) + [~ (1/Req(n)) (v1 = Vinm-1))] -

for Vinip) < v1 < Vin-1) 1< <n) (12)

where the following variables are defined.
1) nis the last active scale.
2) The constant Iteq(,—1) is the sum of the currents mea-

sured by the previous 1 — 1 equivalent scales already
filled, i.e.,

ITeq(n—l) = qul + qu2 +e qu(n—l) (13)
where oq(j) = —(1/Req())(Vin(g) = Ving-n)) for 1 <
J < nand considering Vino = 0 and Ipeqo = 0.

3) 1/Rcq(y) is the conductance of the equivalent scale 7) with
“width” proportional to 1/ Req(n) [see (4], ie.,

1/Req(n)=G1/R1+G2/R2+"'+Gn/Rn (14)

considering the dummy parameter GG; = 1 created for
convenience.
4) deq(n) = —(1/Req(n))(v1 — Vin(y—1)) is the current mea-
sured by the equivalent scale 7.
5) Vis = Vinm) < Vinm-1) <+ < Vinz < Ving < Vino =
0 are the thresholds for each scale, where Viy,(,,) and Vino
are dummy parameters, created for convenience.
Considering the hydraulic analogy, the differences Viy,(;) —
Vin-1) (I <j < n) play the same role of the heights H
(or Hj).

B. Hybrid Horizontal/Vertical Stack

In the hybrid stack, it is necessary to impose limits to the
scales vertically stacked.
Let us limit v; at v; = Vth(j) for 2 < j < n, by adding the
following condition to (10):
vj =G (Ving) = Ving-p) »  forvn < Vi), (15)
Considering (15), the arrangement in Fig. 4 becomes analo-
gous to the H'V stack in Fig. 2(b).
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Fig. 6. Calibration example of a three-scale OCS horizontal stack.

In this arrangement, only scale 1 is permanently filling, i.e.,
either scale 1 is filling when v; > Vi1 or the pair of scales 1
and 7 is simultaneously filling when v; < Vip1.

The input current ¢ can be calculated by (12) but considering
now [see (7)]

]-/Req(n) = Gl/Rl + GT?/RU (16)
where 1/Rqq1 = G'1/Ry is implied.

Finally, it is worth mentioning that the same results could be
obtained with the horizontal and hybrid stacks. However, some
differences should be noted between these two arrangements,
such as the different numbers of feedback loops operating
simultaneously and the different output limits of each scale.

IV. PROCESSING

To obtain the input current measurement, some processing is
required.

To directly process the measurement for the horizontal and
hybrid stacks, the voltage v; of scale 1 may be considered as
a ruler measuring the input current, as previously mentioned.
This ruler can be composed of n adjacent linear segments
(scales), similar to a logarithmic scale, but without the error
originating from the logarithmic conversion process. The mea-
surement could also be displayed on a galvanometer or a bar
graph. Considering I as the full-scale current corresponding to
v1 = Vinn) = Vis and applying v1 = Viy(,-1) in (12), a ruler
of n linear segments results (Fig. 5).

In this case, R;, G, and Viy,(;) (2 < j < n) could be prop-
erly selected in order to result in segments having the same
length and appropriate ends, such as 0.1-1, 1-10, 10-100,
100-1000, etc. As an example, for a three-scale OCS hori-
zontal stack, by setting Vi3 = —1 V, Voo = —1.9 V, and
Vins = —2.8 V, making G; = Gy = G3 =1, and selecting
Ry =109 Q, Ry = (10'°/9) Q, and Rz = (10'°/90) Q to
result in Reqr = 100 Q, Reqe = 107 Q, and Req3 = 108 Q,
from (12), the ruler composed of three linear segments results
calibrated as shown in Fig. 6. Here, the first segment 0 < |v;| <
1 V was made larger in order to include the initial subinterval
[0, 0.1] V corresponding to [0, 10117 A.

In addition, this calibration provides a scaling factor of ten
between two adjacent equivalent scales, i.e., a range of Av; =
100 mV corresponds to 107!, 1071% and 107 A, in the
corresponding equivalent scales 1, 2, and 3.

—Vint

—Vin(n-1)

Fig. 7. Arrangement of analog switches S j (2 < 7 < n) toreduce the effect
of leakage current on the lower scales.

Consider now the above example as a three-scale OCS hybrid
H'V stack. By modifying only Rj3 to (10!°/99) Q, the same
results are obtained.

On the other hand, using an analog-to-digital converter
arrangement, many alternatives are possible. As an example,
from the acquisition of v; and considering (12), the input
current can be calculated by a simple algorithm resident in a
microcontroller system.

Finally, it should be mentioned that, although the vertical
stack has not been completely addressed in this text, by simply
adding its scales outputs, i.e., v; + vy + -+ vy, a similar
ruler like that presented for the horizontal and hybrid stacks
could be built.

In short, there are many possibilities to process the OCS
measurement.

V. DESIGN CONSIDERATIONS

In this section, certain considerations for a real implementa-
tion of an OCS system are addressed.

A. Leakage Currents and Switching

Let us consider the case of a five-scale (n = 5) OCS system
with a range of 10711-107% A. The corresponding range of
feedback resistances could be 109 to 107/9 Q, i.e., 100 mV
represents 10711 A in the first scale.

Also, real operational amplifiers having offset voltages, re-
lated drifts, and finite open-loop gains should be considered.
Let V,.(;) be the residual voltage drop on the feedback resistance
R; (2 <j <mn) as aresult of these limited characteristics. If,
for example, |V,5| reaches 1 mV on the (107/9) Q feedback
resistance, a 0.9-nA leakage current will result and disturb the
input node. This would render the use of the two lower scales
impractical.

A solution for this problem is to stack each next scale up only
when it becomes active. This can be performed by including
an analog switch S; (2 < j < n) in the feedback path of each
scale, as shown in Fig. 7. The control of these switches can be
performed by adding a comparator to each biased amplifier, in
order to indicate when the corresponding scale is active.

Let us further analyze the concept shown in Fig. 7. A
practical design depends on certain particularities, such as
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the minimum current to be measured, the number of scales,
the characteristics of the switches, and the accuracy required.
Using the aforementioned example of a five-scale (n =5)
OCS system with a range of 107’1076 A, consider in
addition switches with off, on, and isolation resistances of
To = 300 MQ, 7o, = 200 €, and 7y, > 10! Q, respectively.
When the first scale is active, the four upper inactive scales
could inject in the input node a leakage current around 10 pA
for [V,.(;)] = 1 mV. Therefore, it is necessary to particularize
the basic concept in Fig. 7 in order to obtain better results.
A solution can be to consider each S; as a more elaborated
switch arrangement. A “T” topology arrangement, i.e., with
series—shunt—series (s,—sh—sy,) switches, can be used. Switch
s, is connected to the feedback resistance, sh to the ground,
and s, to the biased amplifier output. This arrangement, when
in the OFF state (off—on—off), connects the feedback resistance
in series with rog + 7o, to the ground of the input node and
also reduces the residual output voltage of the biased amplifier
to a fraction close to 7y, /7ot On the other hand, when in the
ON state (on—off—on), the scale is activated by the feedback
resistance in series with 2r.,, and the shunt resistance r.g is
connected to the biased amplifier output via r,,.

It is important to note that, by providing a good grounding,
this procedure practically eliminates the (dc+ac) influence,
of the biased amplifier output of an inactive scale, on V..(;.
Therefore, before stacking the scale 7, Vr(j) is normally a
fraction of the input node voltage v, and the resulting leakage
current becomes easier to compensate. Also, considering signal
variations (see stability in Section V-B), the noise analysis of
the arrangement becomes similar to that of a conventional n-
scale system, since any possible disturbance coming from an
inactive scale is minimized, as implied earlier.

Proceeding with the example, it is appropriate to consider the
shunt effect of the resistance near (R; + rog)/4 (> 75 MQ)
in the input node. This results from the parallel association
of the off equivalent resistances of the four upper inactive
scales. Low values of the resulting resistance increase the offset
voltage gain and the noise voltage gain of the input amplifier. In
order to reduce this effect, among other solutions, it is possible
to almost double this resistance by inserting one more series
switch 2s,—sh—s,, in each feedback path. In certain cases, for
scales of higher current (e.g., 1 mA), it is necessary to take into
account the accuracy of the total contribution of r,, included in
the feedback resistance of each scale. This could force to adopt
other procedures for correcting this effect.

It is worth mentioning that a more simplified switch arrange-
ment s,—sh—sp, where switch sy, is replaced by a simple series
resistance Rs (Rs >> 7on), can be appropriate in certain cases.
Its operation and analysis are quite similar to those described
earlier.

In short, although there is not a single detailed solution for
all cases, the basic arrangement in Fig. 7 reduces the effect of
leakage current on the lower scales.

From the standpoint of switching, we consider that any
capacitance C} in parallel with R; (2 < j < n) is minimized to
a low residual value. For worst case transient and error analysis
in certain practical conditions, it can be considered that, during
the stacking of the scale j, the change in |V(;)| imposes a

corresponding step to v; not greater than [V,.(;|. In this case,
Vi)l < |vo| + |vj|, where v; is replaced by its residual value
before the switching. Also, after the switching, any leakage
current coming from the control terminal is drained by the path
connected to the low-impedance output of the biased amplifier.
Thus, the expected transient amplitude in vy is limited in |Vr( ) l,
even in the case that the V,.;) sign results in draining the
current from the input node, when oscillation occurs during the
commutation.

The effect of any charge injection has to be negligible for
the above reasoning to be valid. To guarantee this condition,
a photocoupled FET switch can be used. This type of device
has zero channel charge injection, and only its feedthrough gate
injection through very low capacitances (e.g., 0.2 pF) should
be considered. This last effect results in small spikes in the
transitions, which can be minimized by a good design.

Finally, the above discussion aims at highlighting some of the
problems involved in an OCS design. As a result, high-precision
operational amplifiers having mainly low offset voltage should
be used in the loop path. Also, besides using switches with sim-
ilar or even better characteristics than those above described,
a careful design providing good grounding and also shielding
techniques should be considered.

B. Time Response and Stability

In low-current applications where a random signal is to be
measured, an OCS system should have sufficient measurement
time or integration time in its scales in order to have appropriate
relative statistical fluctuation (standard deviation/|mean|) in the
entire range. As the measurement time determines the time re-
sponse behavior of the system, this tradeoff should be managed.

Let us now consider the n-scale OCS system in Fig. 4.
The bandwidth of the biased amplifiers is wide enough for
not introducing important phase shift in the loops, so that it
is possible to assume G; (2 < j <n) as a simple scalar or a
scaling factor. Thus, for the purpose of evaluating the response
time of the n-scale OCS system, if the arrangement is operating
in the scale 1 and all variables are represented as variations in
the Laplace transform domain, the closed-loop transfer function
can be approximated to

Ge(y) = v1/i = Req(ny/ (1 + 5Teq(n) (17
where Z; = Rj//Cj (1<j<mn) and Teq(n) = Req(n)Ceq(n)
were considered. For a horizontal stack, Req(,) is defined as
that in (14), and Coq(yy = C1G1 + C2Ga + - - + C Gy, For
a hybrid H'V stack, ch(n) is defined as that in (16), and
Ceq(n) = C1G1 + C,)G,;. Normally, C; (2 < j < n) is mini-
mized as already mentioned. Therefore, for C; < C and G
close to one, C’eq(n) ~ (' results.

In (17), Teq(y) defines the time response of the arrangement
when 7 scales are active.

From the standpoint of stability, the main concern is to make
the bandwidth of each biased amplifier wide enough, to keep
the introduced phase shift Ay as low as possible and thus
assuring appropriate phase margin for stability. When many
loops are in operation, considering G; =1 (2 < j < n), the
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feedback paths are equivalent, for signal variations, to only one
biased amplifier connected to the parallel association of the
corresponding feedback impedances. Therefore, by reducing
A, the arrangement approximates to the stable single-scale
configuration shown in Fig. 3.

On the other hand, it is possible to demonstrate that stability
can also be assured considering more detailed issues, such as
the existence of an input coaxial cable, among others.

C. Accuracy

A worst case accuracy analysis was performed in order to
estimate the limits of the method.

From (12) and considering G; = 1, it is easy to see that three
types of parameters affect the accuracy of the measured input
current ¢: the residual voltages V,.(;), because they affect vy (see
switching in Section V-A), the threshold voltages V;y,(;, and the
feedback resistances I2; (components of Rq(;). The concept
of V,(;) is extended in order to include j =1 (V;1), i.e., the
residual output voltage of the input amplifier resulting from the
leakage current in the input node and any eventual offset.

Let us define k; (2 < j <n) as the ratio Ieq(j)/ITeq(j—1)
of current boundaries of the equivalent scale j (see Fig. 5),
and k1 = Iteq1/Imin, Where I,y is the minimum current to be
measured. Considering the practical case where k; > 1 (e.g.,
k; = 10), the following approximation results for 2 < j < n:

Iteq(j) = Teq(i) = = (1/Req(y)) (Ving) — Ving-1y) - (18)

In this case, from (12), the relative error §i/i of the mea-
sured input current ¢ can be estimated at the beginning (v; =
Vin(n-1)+) and at the end (v1 = Vip(,;)—) of the equivalent last
active scale n (1 <7 <mn) as

€o(n) = (01/0)| o =Viny 1yt~ Ee(n-1) i [V / | AVinn ]
(19)

Ce(n) = (52/2) |U1:Vth(7,)7
~ vy /kn + 6 AVin() / | AVin(my| + 0Reqn) / Rea(n)
(20)

where the following variables are defined.

1) ey(y) and g, are the relative errors of the measured
current ¢ (where b stands for beginning and e stands for
end) of the equivalent scale 7. Forn = 1, g9 = 0.

2) 0Vj(y) is the error associated with the term v1 — Vip,(;—1)
in (12) at the beginning of the equivalent scale 7. For n >
2, 6%(77) = |VT(77)| + 5Vth(77—1) results, where 6Vth(n71)
is the error of the threshold Viy,(,—1). For n =1, 6Vpy is
the magnitude of the residual output voltage v; resulting
from the input node leakage current and from any offset
of the input amplifier.

3) AVing) = Vine) — Vinn-1)» and AV () is its associ-
ated error.

4) 0Req(y) is the error of Reyq,). For k,>1, as
in many cases, %, 1> Ry; then, R ~ R,, and
0 Req(n)/ Beq(n) = 0By / Boy.

In general, using low-tolerance feedback resistors, the rela-
tive error is higher at the beginning of the scale, where it is
defined practically by the term k, [6Vi ) /|AViney|] in (19).
As a result, normally, the relative error presents a sawtooth
behavior along the entire range, i.e., a downward slope from
Eb(n) 1O E¢(yy) in the corresponding interval [Ireq(n—1)s ITeq(n)]-
As an example, considering n > 2, Ee(n-1) = 0.01, ky, = 10,
Vi) = 0Vinm-1) = 0AVin(y) = 2 mV, AViy) =2V, and
O Req(n)/ Req(n) = 0.01, the relative errors £, =~ 0.03 (3%)
and €.,y ~ 0.014 (1.4%) result.

Considering the threshold voltages, current technology pro-
vides high-precision voltage references (e.g., 0.02%, 1 ppm/°C)
and low-tolerance resistors (e.g., 0.01%, 10 ppm/°C). Also,
considering voltage offsets, high-precision operational ampli-
fiers with low offset (e.g., < 100 uV, 1 uV/°C) are today avail-
able. Therefore, the contribution of the corresponding errors
can be minimized in a practical case.

Other OCS design considerations could be addressed. How-
ever, most of them are common to the design of electrometer
devices and could be found, for example, in [8], [11], and [12].

VI. SIMULATION

Several computer simulations using a SPICE program have
been performed. As a typical example, a five-scale horizontal
OCS system with a range of 10711 to 2 x 107% A was designed
and simulated, closely following the above indications.

The feedback impedance Z; was set at 101 €//100 pF.
The feedback resistances Ry to Rs were set at (10'°/9) to
(107/9) Q, with the contribution of the resistances of their
switch arrangements included. Only parasitic capacitances of
0.2 pF were considered for C5 to C5. The voltage thresholds
Vingy (1 < j < 4) were set at —2, —3.8, —5.6,and —7.4 V. A
range of 1.8 V was allowed for the last scale, so that —9.2 V <
v1 < 0. Also, G; =1 (2 <j <5). Thus, a full-scale input
current of 2 pA resulted.

A 2s,—sh—s, (previous nomenclature) switch arrangement
was designed for the four upper scales, where the element in
series sy, is a resistance R, = 20 k2. A photocoupled FET, with
turn-on and turn-off times of 15 ps, a capacitance between the
two signal terminals of 15 pF, and other characteristics already
mentioned in Section V, was used as the basic switch device.
The input amplifier was built with a very low bias current and
low-offset-voltage operational amplifier. An offset adjustment
circuit was provided to cancel any residual offset on the first
scale. A biased amplifier module (Fig. 8) having a comparator
for switch control, based mainly on wide-bandwidth and low-
offset-voltage operational amplifiers, was designed. The quasi-
ideal diode (D2, Us) provides the nonlinear characteristic of the
biased amplifier.

The outputs of all the scales were filtered (7 = 1 ms) in order
to eliminate any eventual high-frequency transient, also limiting
the minimum response time of the faster scales to this value. In
order to evaluate the real performance of the method, no attempt
to optimize the circuit was effected.

An input coaxial cable with a lumped impedance of
10° ©//1 nF and a series input resistance of 1 k() was
considered.
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Fig. 8. Basic topology of the biased amplifier module.
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Fig.9. Response to a trapezoidal (10 ps/150 ms/10 ps) input current transient
of range [0, 10*8] A, crossing the boundaries between scales 1, 2, and 3.
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Fig. 10. Response to a full-range [0, 2 x 10~%]-A trapezoidal (10 us/
10 ms/10 ps) input current transient.

The circuit was submitted to steady-state and transient tests
simulating input current values in the entire range. The outputs
were monitored, and the measured input current was processed
by (12). Some results are presented in the following.

As all voltages v; and Viy,(;) (1 < j < 5) are negative, the
presentation of the results and their analysis were performed in
magnitude in order to improve the understanding, so that, from
this point on, all negative signs of these variables have been
discarded.

For the following three transient tests shown in Figs. 9-11,
no errors in the parameters of the circuit were imposed.

A trapezoidal (10 ws/150 ms/10 pus) current transient of
range [0, 1078] A, crossing the boundaries between scales 1,
2, and 3, was applied to the input. Fig. 9 shows the output
voltage responses v1, v2, and vs. When the rising edge of v
crosses the thresholds Vip; =2 V (2 x 10710 A) and Vipo =
3.8V (2x 1072 A), the outputs v, and v3 start increasing
from zero, respectively, all in a continuous and smooth way.

10

vl tovd (V)
.
\

10° 10°® 107 10°

input current (A)

Fig. 11. Response to a full-range [10~ 1,2 x 1076]-A exponential input
current transient having a period of 1 s. The total excursion time is 12.2 s.

The v rise time (0%—90%) is less than 50 ms, and the relative
deviation of the measured current at the end of the pulse is better
than 0.1%. On the falling edge, as each threshold is crossed, the
time constant of vy is switched, from approximately 10 ms to
100 ms and 1 s, respectively. No effect of the switches Sy and
S5 operation is perceptible.

In the sequence, a full-range [0, 2 x 107%]-A trapezoidal
(10 ps/10 ms/10 ps) input current transient was applied to the
input. Fig. 10 shows the responses v1, v2, v3, v4, and v5. Note
that, in this case, the filter (7 = 1 ms), included at each output,
now limits the rise time. Therefore, the starting rise of each
scale voltage at each threshold is no more visible. The rise time
is less than 3 ms, and the relative deviation of the measured
current at the end of the pulse is also better than 0.1%. As the
fall times are also limited by the filter, the last faster scales (4
and 5) fall practically together.

Then, a full-range [107!',2 x 107%]-A exponential current
transient of type i = Iy exp(t/T'), with a period T of 1 s, has
been applied to the input. Fig. 11 shows the responses vy, vs,
vs, Vg, and vs. As the range is composed of linear decades, a
quasi-linear behavior similar to a log scale is visible.

The responses to these transients show the dynamic charac-
teristics of the method. Note that the time response behavior
is only limited by the design parameters and not intrinsically
by the method. Also, at this level of analysis, continuous and
smooth evolutions are clearly visible. However, to obtain a
deeper view of the accuracy of the method, an evaluation of the
relative error of the measured input current, when errors in the
parameters of the circuit are present, is needed. Thus, a static
test evaluating the real accuracy in all the range and a dynamic
one highlighting the tradeoff between accuracy and time re-
sponse have been performed. For that, the following errors were
inserted in certain parameters of the circuit: 1) The leakage
current in the input node was not compensated; 2) the output
offset voltages of the biased amplifiers were set at vo = 1 mV,
v3 =2 mV, vy =3 mV, and vs = 5 mV; 3) a relative error
of 0AVihe/AVine = 0.005 (0.5%) was added to the threshold
Vine; and 4) relative errors of 0 Ro /Ry = 0 R3/Rs = 0.01 (1%)
and 0Rs5/Rs = 0.005 (0.5%) were imposed to the feedback
resistances. Except for dRs5, all errors were added to their
parameters.

For static measurements in points distributed in the entire
range and for the response to the exponential transient described
previously, the relative error (in percent) of the measured input
current was calculated for the entire range, as shown in Fig. 12.
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Fig. 12. Relative error (in percent) of the measured current for a full-
range [10711,2 x 1076]-A input calculated in two cases: (a) For static
measurements in points distributed in the range and (b) for the response to
an exponential transient having a period of 1 s. Errors were inserted: Leakage
current in the input node, output offset voltages of vo = 1 mV, v3 =2 mV,
vg = 3mV, and v5 = 5 mV, and relative errors of §AVipo/AVine = 0.005
(0.5%), R2/R2 = 6R3/R3 = 0.01 (1%), and §R5/Rs = 0.005 (0.5%).
Except for § Rs, all errors were added to their parameters.

The static test shows a decreasing contribution of the leakage
current (< 3 pA) drained from the input node, for the relative
error in scale 1. In scale 2, the combination of the offset voltage
vo and the higher value of Ry performs some compensation of
the leakage current. At the end of the scale, the relative error
approximates to the error in Ry. At the beginning of scale 3,
the effects of the offset voltage vs and of AV;p2/AViLe step
up the relative error above 5%. The error value of R3 explains
the negative slope in this scale. At the beginning of scale 4,
the contribution of the offset voltage v, increases the relative
error again, and the negative slope in the scale remains constant
as a result of the exact value of R,. For scale 5, v5 =5 mV
provides a greater step at the beginning of the scale, and the
lower value of Ry provides some compensation. It is worth
noting the sawtooth behavior of the relative error along the
range, already referred to.

For the response to the exponential transient, the relative er-
ror is a combination of the static error with the deviation caused
by the response time of each scale. It reaches a maximum close
to 53%, slightly increased by the leakage current, and 4.25 s
(7 x 10719 A) after the start of the transient, it is near to 9%.
The first decrease occurs with some delay after the first scale
switching (1-2) at 2 x 107'0 A, while the second is closer to
the next threshold at 2 x 107 A as a result of the short time
constant of 10 ms in this region. In faster scales 3, 4, and 5, the
response follows better the input, and the relative error more
closely approximates the static error, although some delay still
occurs.

In short, the response follows the input according to the time
constants set in the design. The faster the scale, the smaller is

the relative error until it approaches the limit set by the errors
in the parameters.

The results obtained above reinforce the need to use high-
precision devices and the need to provide a good grounding in
the design of an OCS system.

Finally, the operational amplifiers were replaced by others
from different manufacturers, and similar results were obtained.
Also, a five-scale hybrid H'V OCS system simulation showed
a similar performance.

VII. CONCLUSION

A new method to switch current for linear wide-range mea-
surement systems has been proposed. A system using this
approach behaves as a logarithmic one but retains the benefits of
linear segmented scales. Several computer realistic simulations
in SPICE demonstrated the viability of the technique, antic-
ipating that a physical implementation can be obtained with
current technology. The simulated results showed a continuous,
smooth, and fast response in the entire range, still holding
suitable accuracy for many applications.

Certainly, the OCS method requires a more elaborate de-
sign, mainly for the feedback paths, than those normally used
for a conventional switching method. Today, however, high-
quality devices, particularly high-precision, low-current, low-
noise, and fast operational amplifiers, are available. In addition,
current technology offers the possibility to build compact high-
quality assemblies, thus minimizing undesirable disturbances.
Therefore, the design issue should not be a constraint. Without
any further processing, the output representing the measured
input current could be displayed directly like a ruler in an old
galvanometer, and also, using a simple algorithm, the output
could be processed by modern microcontroller systems.

Although it has been originally conceived for nuclear appli-
cations, the method is quite general and can be applied to other
fields, in order to develop fast and continuous linear wide-range
measurement systems.
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