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Abstract

There is a need for isolated current sources for use in selected bio-
impedance measurement circuits. The requirement for good isola-
tion is particularly important in medical settings because of safety
concerns. A new circuit for producing voltage-controlled current is
presented. Measurements have been made on a prototype and sim-
ulations have been done on a SPICE model. The presented circuit is
an H-bridge where the output devices are the output photodiodes of
high-linearity optocouplers. Five operational amplifiers, four high
linearity optocouplers, and passive components are used. Output
current capability is +35 nA with an output impedance that is more
than 1 MQ. It is possible to achieve bandwidths above 1 MHz for
small load impedances. This circuit is well suited for medical ap-
plications thanks to the isolation in the optocouplers.
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Introduction

When making electrical impedance measurements, includ-
ing bioimpedance measurements, electric impedance tomog-
raphy (EIT), and focused impedance measurement (FIM),
one or more electric currents are injected into the measur-
and. Depending on the application, one can choose to use
a controlled voltage or a controlled current. For the cases
where controlled current are used, it is important to have
a well known current to be able to measure impedance or
transfer-impedance accurately. To achieve this, one may use
several different current sources that are already described
such as [1-9].

An isolated current source is ideal to make independent
current sources as required by FIM [10] since the outputs are
independent of the inputs. In cases where measurements are
done in vivo, regulations dictate a number of requirements
[11]. One of these requirements is isolation of the measurand
from the mains. The isolated current source presented here is
made using devices that meet insulation requirements given
in [11]. It is also important to limit the currents to avoid
potential harmful effects such as unwanted muscle or nerve
stimuli, including unintentional myocardial capture.

The isolated analog current sources available today are ei-
ther transformer-coupled [3, 4] or optically coupled. Optical
isolation is beneficiary since it allows operation to DC and
is insensitive to electromagnetic fields. There are two main
types of optically isolated current sources: The first is the use
of one or more optocouplers to transfer a signal from the in-
put to an opamp-based current source on the output side [8].
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The second type is an H-bridge as presented in [9]. The cur-
rent source presented here is of the second type. The novelty
of the presented circuit is that it uses the optocouplers output
currents directly. This is possible since linear optocouplers
are used. Another important difference from other H-bridge
circuits is that the presented circuit eliminates drift and non-
linearities due to aging or temperature.

Circuit
The optocoupler

This circuit is based on a particular type of optocoupler that
is shown in figure 1. Necessary description to understand
the presented circuit is as follows: The light emitting diode
(LED) produces light that falls on two closely matched
photodiodes, PD| and PD,. This causes current to flow in
the reverse direction in the photodiodes. The current gain
from the LED to photodiode PD; is K| and the current gain
from the LED to photodiode PD; is K>. The ratio between
the two current gains is K3 = 1’% The factor K3 will vary
between different optocouplers, but a sorting is done by the
manufacturers, and the final error must either be accepted,
trimmed away, or a closer match must be found manually.
Here, we assume that K3 = 1. See data sheets [12, 13] and
application notes [14, 15] for a complete description of the
optocoupler.
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Fig. 1: The optocoupler.

Circuit description

The component, voltage, and current designators in this
section refers to figure 2. To simplify, we define Ry = R4 =
Rig, Ry = Roa = Rop, R3 = R3a = Rsp = Rac = R3p, Uy =
Usp = Usp = Uyc = Upp, and U3 = U3y = Uzp = Usc = Usp

The circuit works as follows: The input signal is V;y. The
fully differential opamp U; and resistors R4, Rip, Roa, and
R,p convert this to a differential signal with an offset Vpjg;.
The signals on nodes A and B are then
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These signals are then fed to the inputs of the four
opamps driving the optocouplers as shown in figure 2. The
optocoupler circuits convert the input voltages to currents in
the output photodiodes. The gain in this step is given by
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The currents flowing out of the optocouplers are now given
by

loura = —Vin - G1 + Vpias - G2 4)
lours = +Vin - G1 + VBias - G2 (5)
where
Ry
Gr =g Ks (©6)
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Fig. 2: The isolated H-bridge. The outputs A and B of the opamp-
circuit at the bottom are the same nodes as A and B on the Ua,
opamp inputs.

The optocouplers are connected so that when there is no
input, i.e V;y = 0, a bias current given by ‘%‘ will flow from
Usy to Usp and from Usc to Usp. The net current flowing out
of OUT+ or OUT — is zero. When an input signal is present,
there will be a current flowing out of OUT + given by
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The power supplies for the input are balanced regulated
supplies (both positive and negative supply) of equal mag-
nitude. The power supplies for the output should have the
same voltage difference from positive to negative supplies as

lour+ =Ilours —Iloura = +Vin - Gi

Iour— = Iouta —louTs = —Vin - Gi
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the power supplies on the input to ensure as similar condi-
tions for PD; and PD; as possible. The supplies on the input
and output can be separated for medical safety.

The maximum photodiode current is approximately 87 A
[12,13], which enables us to work with a bias current of up to
40 nA plus a signal up to 35 pA. This means that each current
branch can be modeled as a current source that delivers up to
+35 uA in parallel with an output impedance.

Figure 2 does not show all details of the circuit creating
the differential signal or the bias circuit as this is regarded
as outside the scope of this article. The details of the circuits
driving the optocoupler is also left out as this information can
be found in [12, 14, 15].

If we assume that the amplifier made of U;, Ry, and R;
can be made significantly faster than the rest of the circuit,
we have two parts that limit the bandwidth of this circuit.
The first part is the feedback loop made of U,, U3 — LED,
Uz — PDy, and R3. If we choose an opamp that is capable
of driving U3 — LED significantly faster than the desired
bandwidth, we end up with the node at the anode of U3 — PD;
as the dominant pole. The capacitance at this node is the
combination of the parasitic capacitances in U3 — PD; and
U,. This capacitance forms an RC-section together with
R3, which limits the speed. Depending on signal swing, we
may have a slew-rate limitation since the current from the
photodiode is very limited. The second part that limits the
bandwidth is the output circuit. This circuit is essentially
a controlled current source in parallell with the parasitic
capacitances from Uz — PD,. If we assume a pure resistive
load, the bandwidth is limited by the pole formed of the
capacitance and the load. As for the first part, this part may
also suffer from slew-rate limitations. The output impedance
is thus ﬁ where Cy is the parasitic capacitance seen at the
output node.

Two variants of the prototype was made, with different
opamps. The opamps had different Gain-Bandwidth (GBW).
The first featured an opamp with GBW = 1.7 MHz and the
second an opamp with GBW =4 MHz. Output impedance
was found for several frequencies, and —3 dB-bandwidth
was found for both opamp-variants. In addition, a SPICE
model was made and simulated.

The datasheet for the optocoupler or the SPICE model do
not give necessary data to calculate the output impedance
accurately, but the data available suggest output impedances
in the range 10 MQ or more.

Noise

The output noise of this circuit is dependent on noise con-
tributions from all devices and on the frequency dependent
transfer function to the output. We have not made a generic
noise analysis that is including all noise sources due to the
high complexity in such calculations. Instead we have made
a simplified noise analysis. The simplified noise analysis is
shown in equation 10. This is a noise analysis where U;, Ua,
and Uj is assumed to be noiseless, and K3 is assumed to be
1.
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inoise = G% vrlel =+ G% (VrzzRZ + 4V%R3) (10)

The noises are calculated using equation 11 where kp is
the Boltzmann constant and 7 is the temperature in Kelvin.

VaRX = 4kBTR (11)

Equations 10 and 11 show us that if the resistance in R3
is higher or comparable to that of R,, then the noise from
R3 dominates. The resistances R; and R, can easily be set
to values significantly lower than that of R3. We may set
R = R», which let us simplify equation 10 to

5 16kgT
Lhoise = R3 .

(12)

Measurement and simulation results

The measured output impedance is shown in figure 3.
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Fig. 3: Output impedance (Q) versus frequency (Hz).

Simulations of the circuit with different opamps gave
results shown in table 1.

Tab. 1: Measured and simulated bandwidths, unit for all parameters
is MHz.

Opamp  Opamp GBW  Sim. or Meas. = BW
TLC274 1.7 Measured 0.68
TLC274 1.7 Simulated 1.28

TS924 4 Measured 1.35

TS924 4 Simulated 2.42
LTi214 28 Simulated 6.90

TLC274 is from Texas Instruments, TS924 is from ST
Microelectronics, and LT1214 is from Linear Technology.

Discussion

The data sheet for the Avago Technology optocoupler states
that the LED bandwidth is 9 M Hz, which confirms that the
LED is not limiting the bandwidth. The same data sheet also
states that the bandwidth for the optocoupler is 1.5 MHz,
which may indicate that the maximum bandwidth in the
circuits presented in [12] and [15] have a 1.5 MHz limitation
and that the circuit presented here may actually have higher
bandwidth, or it may indicate that the SPICE model in [12]
is not good enough to model limitations in the optocoupler.
We have demonstrated that it is feasible to operate the cir-
cuit up to 1.35 MHz. If we look at the simulated perfor-
mance, we see that simulated bandwidth is approximately
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1.8 times higher than the measured, which indicates that the
model is not perfect. But even if the SPICE model is not per-
fect, it clearly indicates that it may be possible to increase
bandwidth even further. If the ratio of 1.8 for simulated ver-
sus measured bandwidth is valid for all simulations and if the
optocoupler model is valid, we could expect a bandwidth of
3.8 MHz if we used the LT1214, which is 2.5 times higher
than the data sheet for the optocoupler suggests.

Optimization of bandwidth means choosing opamp U, that
is fast and powerful enough to drive the LED, and that does
not contribute too much to the parasitic capacitance to the
node at the anode of Us — PDy, and a proper choise of R3.

Bandwidth as high as the presented circuit is capable of
can be useful for electrical bioimpedance measurements,
including bioimpedance spectroscopy.

The presented circuit has the potential to outperform the
noise performance of other circuits based on linear optocou-
plers since it uses an absolute minimum of noise-contributing
components on the output side. By careful design, the main
noise contributor will be Rz, which is determined by avail-
able voltage swings, bandwidth requirements, and required
output current. The opamps and optocouplers are consid-
ered noiseless in equation 10, which means that the noise-
model will underestimate the noise. The contribution from
the optocouplers is not known, and the contribution from the
opamps will be very variable depending on the opamps used.
The SPICE model for the optocoupler does not include noise
sources [12]. If noise is a concern, a thorough noise anal-
ysis or simulation should be done, but this will require an
optocoupler model that models noise.

There are a number of alternatives that have not been
explored since this article is only aiming to present the basic
idea for the new circuit. Examples of alternatives are: Use
of only one output branch, automatic adjustment of cancel
mismatch in the optocouplers, several sources driven by Uy,
or to switch off the bias current when the circuit is not active.

The optocouplers are used in photoconductive mode,
which requires supplies on the output side. One could also
use the optocouplers in photovoltaic mode to eliminate the
need for a supply on the output side, but the available energy
is very limited, so the bandwidth would be low.

Conclusion

The presented circuit is a galvanically isolated voltage con-
trolled current source. It is made using linear optocouplers
with an absolute minimum of components in the isolated out-
put section. Thanks to no components on the output side, the
circuit has potential for low noise. The isolation makes it
suitable for use in medical purposes such as bioimpedance,
FIM, EIT, or nerve stimulation.
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