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Abstract

An 8-channel current steerable, multi-phasic neural stimulator with on-chip current DAC
calibration and residue nulling for precise charge balancing is presented. Each channel consists of
two sub-binary radix DACs followed by wide-swing, high output impedance current buffers
providing time-multiplexed source and sink outputs for anodic and cathodic stimulation. A single
integrator is shared among channels and serves to calibrate DAC coefficients and to closely match
the anodic and cathodic stimulation phases. Following calibration, the differential non-linearity is
within + 0.3 LSB at 8-bit resolution, and the two stimulation phases are matched within 0.3%.
Individual control in digital programming of stimulation coefficients across the array allows
altering the spatial profile of current stimulation for selection of stimulation targets by current
steering. Combined with the self-calibration and current matching functions, the current steering
capabilities integrated on-chip support use in fully implanted neural interfaces with autonomous
operation for and adaptive stimulation under variations in electrode and tissue conditions. As a



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Greenwald et al. Page 2

proof-of-concept we applied current steering stimulation through a multi-channel cuff electrode on
the sciatic nerve of a rat.

Index Terms

neurostimulator; electrical stimulation; neuromodulation; charge balancing; field steering; current
steering DAC calibration; sub-binary radix

[. Introduction

Electrical stimulation is a widely used tool in basic and clinical neuroscience and
neuroengineering. Common stimulation targets lie within the central and peripheral nervous
system. Stimulation of the central nervous system (CNS) has been used to probe the
functional role of populations of neurons, and provide sensory feedback to users of a
neuroprosthetic device. Clinically, CNS stimulation is used to ameliorate symptoms of
Parkinson’s disease, and epilepsy. Stimulation of the peripheral nervous system (PNS) has
also been used to provide sensory feedback to users of prosthetic devices [1]. Emerging
applications of PNS stimulation include treatment of hypertension and inflammatory
disorders [2].

Designing neurostimulator circuits with very-large-scale-integration (\VLSI) technology
allows for the development of miniaturized, fully implantable systems, while simultaneously
permitting the integration of extremely large numbers of channels, and increased
functionality. Increased functionality means gains can be made in domains such as
stimulation efficacy without compromising device size. This can be used to overcome
limitations of electrical stimulation such as non-specificity.

It is straightforward to deliver electrical stimulation to target organs or neurons by placing
electrodes within the proximity of the target. However, cell-types or tissue components
cannot be selectively stimulated with electrical methods, as robustly as they can be with
optical methods, which poses a challenge for therapeutic stimulation systems. Modifying the
stimulus pulse shape or duration is one method for achieving more selective stimulation [3],
[4]. Another degree of selectivity comes from the limited spatial extent of the induced
electric field within tissue. Spatial patterns of stimulation, such as bipolar and tripolar, can
be used to shape the electric field /n-vivoto target groups of cells that are topographically
segregated [5]. This has been leveraged in many neuroprosthetic applications such as
cochlear implants, vestibular prostheses, visual prostheses, spinal stimulators, deep-brain
stimulators, and peripheral nerve prosthetics [6], [7]. Due to its widespread use, VLSI
neurostimulator systems should be designed to accurately stimulate in modes other than the
standard monopolar and bipolar [8]-[10].

Additionally, circuits can be integrated with stimulator systems to ensure safety at the
electrode-electrolyte interface. Chronic electrical stimulation can be damaging to both the
electrode and tissue either through excitotoxic or electrochemical means [11]. Existing
neural stimulators have addressed minimization of harmful electrochemical effects in several
ways. Precise discrete components, or a capacitor in series with the output stage is one way
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to ensure no DC current flows through the electrode. A variety of ways amenable to VVLSI
implementation have also been proposed. Passive discharge is achieved by shorting the
electrode to a reference voltage through a MOS switch, but due to the large RC time-
constant associated with the electrode this can be a very slow process. An active discharge
approach, i.e. driving the electrode to a reference voltage through a buffer, has similar effects
as passive discharge, but limits the current that flows during the discharge phase [12]. Very
precise charge balancing can be obtained using feedback that measures and dynamically
matches the anodic current [13]. This method requires auxiliary amplifiers for every
channel. An alternative strategy is to monitor the electrode voltage after stimulation, and use
a feedback controller to update stimulation parameters or apply compensatory pulses [14]-
[16]. By ensuring the electrode potential stays within safe limits, this approach prevents
harmful charge buildup. In addition to the overhead required to implement the feedback
loop, controller parameters must be tuned to obtain an acceptable transient response.

We propose an architecture that includes a single calibration circuit that is shared across all
channels in the array. This support-circuitry performs three functions. First, it accurately
ratios the currents across channels. Second, within channels, it matches the anodic and
cathodic phases for charge balancing. Finally, it allows for blind calibration of each
channel’s digital-to-analog converter (DAC). We provide results from a circuit fabricated in
a commercial 180 nm CMOS process. Additionally, we use the proposed circuits to
stimulate the sciatic nerve of anesthetized rats. By measuring the induced electromyogram
(EMG), we demonstrate /n-vivo effects of spatially patterned nerve stimulation.

This architecture, which includes the use of a sub-binary radix DAC and least-squares based
calibration algorithm, was first introduced in conference form [17], and here we expand on
these results. We provide more comprehensive descriptions and characterizations of the
circuits and extensive in-vivo testing, demonstrating current steering stimulation applied to
the sciatic nerve of rat.

Il. Circuit Design

The block diagram of a single channel of our circuit is illustrated in Fig. 1. Two independent
current-mode DACs supply biases to the current sources. The output of either DAC can be
mirrored into the calibration circuit by closing switch D or E. Switches A and C activate
anodic and cathodic stimulation respectively. Switch G disconnects current sources from
electrodes. Closing switches A, C and F causes the difference in the anodic and cathodic
currents to flow into the calibration circuit.

A. Digital-to-Analog Converter

DAC topologies used for neurostimulators include current steering DACs, implemented with
binary [18] or unary [10] weighted current source arrays, and R-2R ladders [12]. An
advantage of current steering DACs is that only the current sources needed for stimulation
are switched on, whereas in a splitter the entire current is consumed regardless of the
selected code. However, the area consumed by the weighted arrays increases exponentially
with the number of bits, whereas the area of a splitter increases linearly. So for large number
of bits, the weighted arrays occupy prohibitive amount of area.

IEEE Trans Biomed Circuits Syst. Author manuscript; available in PMC 2018 April 01.
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Both DACs (Fig. 2(a)) are 16-bit variations of the MOST R-2R structure [19]. The PMOS
switches in Fig. 2(a) operate as switched cascodes. This helps reduce the sensitivity of the
tap currents to the digital input code, which is important for the calibration procedure
described later. Further, the increased lengths of the transistors in the vertical branches yield
an R-fAR structure, with £=2.5. At each node of an infinitely long R-AR ladder, if 8>2, more
current flows laterally than vertically through the respective tap. This introduces
redundancies into the input-output relationship [20]. These redundancies can be removed via
digital calibration [21].

An external resistor sets the current reference to 1/100% of the fullscale stimulation level
(Igs). This current is mirrored with unity-gain into each DAC. Two copies of the
programmed current are mirrored out (Ipjas and lgas in Fig. 2) to generate the voltage biases
used in the output current buffer in Fig. 3. The total current consumed by the DAC and
biasing network is 2 x /9100 + 8 X /4;/100

B. Calibration Circuit

The calibration circuit, shown in Fig. 2(b), consists of an integrator and a comparator
described previously [23], [24]. Briefly, when Rstand Rst, are high, the offsets of the
inverters (common-source amplifiers, A1, Ay) are stored on the capacitors in series with their
inputs, the inverters are reset to their tripping point, and the integration capacitor is
precharged. The offsets between Rstand Rst, are to mitigate errors due to charge injection
[22]. When /ntgoes high, Cyyrappears in parallel with Ay, and the input current is
integrated. When the output of Ay passes through V/},p, A, trips. The time it takes for A, to
trip is quantified with a counter, digitizing the input current.

Vinn 2 are generated off-chip and set to 800 mV and 2.5 V to keep all devices in saturation
during the integration. Their precise values do not matter, so they could be generated on-chip
using a resistor string and a pair of buffers to drive the offset-storage capacitor and
integration capacitor. The integration capacitor is 4.5 pF, providing an integration times
greater than 3 zs. This analog-to-time-to-digital conversion is used in a calibration procedure
described in Section I11, and allows for the removal of the redundancies of the R-AR ladder.
Additionally, Section IV describes how the measurement can be used to match the anodic
and cathodic stimulation phases.

C. Biphasic Current Source

The output current sources are regulated cascodes; an additional branch (M5-M7 in Fig. 3)
increases the output swing [22]. The gate of M3 is the input to a common source amplifier
that provides output impedance boosting. Typically, this is connected to the drain of M1,
which must stay in the vicinity of Vj, so that M3 is at least weakly inverted.

M7 and M4 are biased to source /;/100 and /g;,/50 respectively, and M5 is an additional
finger of M1. M6 acts as a level-shifter, which allows the drain of M1 to drop to Vs sar
Since Vg1 is set to a value equal to the difference in Vs between M3 and M6, the aspect
ratios of M3 g are set to provide sufficient V1 for all output currents. The output swing of
the current source is 2 Vi o5 from each supply rail, and the devices were sized to give a
Vis,sar 0F 120 mV and 150 mV for the NMOS and PMOS devices respectively. Maximizing
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output swing was a major concern, as large voltages can be developed across the electrode-
electrolyte interface.

The feedback in regulated cascode circuits can lead to instability. M2 and M9 in Fig. 3 are
driven by the feedback amplifiers, and are sized with a very large W/L (Table Il) to
minimize their Vi 5 The large gate area provides a large load capacitance (400fF - 1pF
depending on bias condition) to the feedback common-source amplifier which stabilizes the
circuit [25].

In practice, the signals that turn on the current sources (A and C in Fig. 3) are gated by the
bits within two serially loaded registers, AGATE<0:7> and CGATE<0:7>. This
configuration, shown in Fig. 4, permits the generation of arbitrary stimulation patterns.

[1l. Calibration Procedure

A sub-binary radix DAC can produce an analog output x, scaled from -1 to 1, from an r-bit
binary code (here, n=16) found through r iterations of the algorithm of Eqgn. 1 [26]. In Egn.
1, ri represents the residue at the k% step, and initialized to be x, by is the k' bit in the
binary code, and y is the radix at the k% step.

b, =sign(rg_1)
T =VkTh—1—br (1)

For Fig. 2(a), ¥« is the ratio of currents flowing in adjacent vertical branches (tap currents).
Therefore, to calibrate the DAC, we first obtain estimates of the tap currents.

The time Atfor a DC current source /;; to charge a capacitor C,from Vg to Vyp is:

At=C, (Vm/,l Vi )/ 1Li 2

N-1
Iiy="_ijbj=b"i
=0 ®)

Here, b is a column vector of zeros and ones corresponding to the input binary code, and i is
the column vector of tap currents. Combining Eqgns. 2 and 3 gives Eqn. 4, where CAVjn —
Vinp) can be replaced by a single constant ¢;.

bli=ci (A7 (4)

Eqn. 4 contains 16 unknowns (the 16 elements in i). For M DAC currents, the inverse of the
integration times (Af), obtained using the calibration circuit described in Section 1I-B, are
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stored in a vector f and the corresponding M input codes are stored in an Mx16 matrix B.
With M > 16, the system can be solved in the least squares sense. In practice, we make use
of all 216 measurements for each DAC.

We chose to fit our solution to the differential linearity since it is much less affected by
global nonlinearities which are approximately linear at small scales. Therefore, the inverse
times in f and the rows of B are sorted in ascending order and adjacent values differenced
yielding fa and By respectively.

Then, the least squares estimate of the tap current coefficients, 1 is found by solving Bai =
afa

2 -1
i=ci(BABa) Bifa (5)

Since each y;is a ratio of the elements of 1, the constant ¢; cancels, except in the case of the
MSB. For that case, y1s is obtained by taking the ratio of /15 to the sum of the other
elements of 1. The precise values of y;do not matter if they are <2, providing a degree of
insensitivity to the mismatch in the R-8 R ladder of Fig. 2.

Here, the calibration procedure is initiated by an external FPGA which monitors and times
the output of the comparator (V,,;Fig. 2(b)). Integration times are uploaded to a PC which
obtains the least-squares solution. In practice, the system need not be connected to a PC.
Calculation of the DAC coefficients (g - y15) could be performed once by a low power
FPGA or microcontroller using the recursive least-squares algorithm (RLS). With the
calculated #’s, the proper input code for a given output is obtained from 16 iterations of Egn
1.

IV. Matching
A. Charge Balancing

Matching the two stimulation phases is performed by activating both current sources and
closing switch F in Fig. 1. The difference between the two currents, the error current, will
flow into the integrator in Fig. 2(b). The matching procedure consists of two steps.

First, Vj,nandV,p are set equal, and an integration is triggered. The state of V/,;reflects
the polarity of the error current. For example, if the anodic current is larger than the cathodic
current, the output of the integrator will fall, and V,;will hit the positive rail (V= 1).
Likewise, if the cathodic current is larger, the output of the integrator will rise and V,, will
hit the negative rail (V,,;=0).

Next, Vipn # Vinp; if at the end of step 1, Wout= 1, then Vj,n > Vj,p, and vice versa. When
an integration is triggered, the time it takes for the comparator to trip is inversely
proportional to the error current. Therefore, the error current integration is timed and the
input code to one of the DACs is adjusted until the error current is minimized.

IEEE Trans Biomed Circuits Syst. Author manuscript; available in PMC 2018 April 01.
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The integration time for matching is bounded only by leakage currents, which should cause
the comparator to trip over time scales of seconds. Therefore, in software a timeout of 150
ms is enforced. Furthermore, to facilitate a quick matching procedure, a successive
approximation strategy is used, where the outcome of step 1 is used to determine the state of
a given bit in the binary code, and at the end, the code with the maximum integration time is
selected.

B. Current Steering

The above procedure can be generalized to match stimulation across channels, allowing the
circuit to operate in bipolar stimulation mode, or to create complex current-steering
stimulation patterns. Fig. 4, illustrates a single stimulator channel with the control signals
that are arrayed across all channels. An 8-bit serially loaded register FCAL controls the
switches (switch F in Fig 1) that route currents to the calibration circuit. Along with the
gating discussed in Section I1-C, arbitrary combinations of channels can be matched by
connecting all active channels to the calibration circuit simultaneously, and asserting the
required gating bits.

For example, a tripolar configuration consists of one cathodic channel sinking a current of /,,
counterbalanced by two anodic channels, each sourcing a current /,= /42. Fig. 5 depicts
how a tripolar stimulation pattern can be generated in three steps. In steps 1 and 2, the
anodic channels (1a and 2a) are indirectly matched to each other. In the third step, the
cathodic channel (3c) is matched to their sum.

This procedure fixes the digital codes for the anodic sources of channel 1 and 2, and the
cathodic source of channel 3. The complementary DACs must then be tuned for in-channel
charge balance.

V. Electrode Interface

We interfaced our stimulator to concentric cuff electrodes (MicroProbes for Life Science,
Gaithersburg, MD). Each cuff contained nine 125 gm diameter stainless steel contacts, with
three groups of three electrodes arranged circumferentially, 90 degrees apart, and with each
group spaced 2.5 mm apart (Fig. 13 (inset)). These electrodes, when used for acute, small-
animal studies, and at low current levels (< 250 ¢A), do not require high voltage transistors
or special circuit techniques to prevent oxide breakdown or hot-carrier effects. Figure 6
illustrates impedance magnitude and phase data for a single electrode from the cuff array.

VI. Benchtop Characterization

An eight channel version of the neural stimulator was fabricated in a 0.18 ym CMOS
process. A micrograph of the 1.5 mm x 1.5 mm chip is illustrated in Fig 7. Each stimulator
channel, including DACs, occupied an area of 290 xm x 220 um, and the calibration circuit
occupied 200 pm x 70 pm. Additionally, an SPI interface was synthesized from a standard
cell library. The remaining area consists of metal fill.

IEEE Trans Biomed Circuits Syst. Author manuscript; available in PMC 2018 April 01.
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A. DAC Calibration

Fig. 8(a,b) shows the digital input - analog output relationship before and after calibration
for a single channel. The pre-calibration non-monotonicity is by design and clearly evident,
and the procedure described in Section I11 was used to remove the redundancies. The
measured differential nonlinearity (DNL) and integral non-linearity (INL) for all channels
are summarized in Fig. 8(c,d). The worst case DNL was 0.3 LSBs, and the mean absolute
value was <0.04 LSBs. INL was defined as the difference between the actual output and the
best-fit line. The worst case INL was measured to be 2.2 LSBs, and the mean absolute value
was <0.3 LSBs. Currents were measured with a Keithley 6430 Source Measurement Unit.

Integration times ranged from 3 /s to 30 ms, and the calibration process for each DAC, took
on average less than 9 seconds. Calibration of all 16 DACs took 140 seconds.

B. Matching

The matching error was determined by measuring the mean residual voltage left on a 100 nF
capacitor following four biphasic 200 /s pulses, and normalizing that value to the peak
capacitor voltage at full-scale. The capacitor voltage was buffered by an off-the-shelf CMOS
op-amp (AD8608, Analog Devices, Norwood, MA), and digitized by a DAQ with a 16-bit
AJD converter (NI USB 6251, National Instruments, Austin, TX). The capacitor voltage was
sampled at 1 MHz for 150 us before and after each biphasic pulse. Each set of 150 samples
were averaged, and the difference gave the voltage error, which was then referred back to an
equivalent error current. For each measurement, the dynamic range of DAQ was set to the
minimum necessary to accommodate the peak capacitor voltage on that trial to mitigate the
effects of measurement noise. This ranged from £0.1 V (the device minimum) to £1 V.

Fig. 9 illustrates the error currents after matching, normalized to the full-scale current
output. We performed this measurement only on a subset of calibrated DAC values. For each
channel 64 measurements were made instead of all 256. The worst-case error is less than
0.3% of the full-scale current, comparable with other state-of-the-art designs [27], [28].1t
typically takes less than 200 ms to find the closest match.

One advantage of this design is that once matching is performed, the parameters can be
stored digitally. However, this also leads to a potential limitation in its sensitivity to 1/
noise. To evaluate this possibility, we continuously applied 250 A pulses to a capacitor over
the course of 60 seconds, measuring the residual voltage after each pulse. The pulse widths
were 200 /s, and the pulse rate was 400 Hz, for a total of 24,000 pulses. After each pulse, a
200 /s delay was added to allow calculation of the residual voltage in post-processing, and
then the shorting switch was closed to bring the capacitor voltage back to baseline before the
next pulse.

Fig 10 shows the residual capacitor voltage, normalized to the peak voltage, over time. The
error over all 24,000 pulses had a mean and standard deviation of 0.17% and 0.07%; over
the first 400 pulses (Fig. 10 inset) the mean and standard deviation were 0.12% and 0.06%.

IEEE Trans Biomed Circuits Syst. Author manuscript; available in PMC 2018 April 01.
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C. Current Steering

The accuracy of current steering was similarly also evaluated. Here, error was determined by
shorting all channels to a single 10 nF capacitor and measuring the voltage on the capacitor
during the inter-pulse interval. Fig. 11 shows the measured error from matching a tripolar
configuration (Fig. 5). The rows of Fig. 11 correspond to the channel selected as the
cathodic sink (/,= 250 pA). The columns correspond to different channel pairs that
complete the tripolar unit. There are 28 possible pairs of channels, 7 of which include the
channel used as the cathodic sink (white entries). As with charge balancing, the errors were
measured < 0.3%.

VII. In-vitro Results

We used the setup depicted in Fig. 12(a) to evaluate the effective DC current when
stimulating through electrodes. We measured the effective DC level for 250 pA, 75 15
stimulation at 500, and 1000 Hz, with two inter-pulse-intervals (1 /s and 50 zs). Matching
was performed immediately before the pulse train started, and the shorting switch was
activated in between biphasic pulses. No re-calibration was made during this interval. Fig.
12(b) shows the time-domain stimulation waveform recorded during this measurement. The
DC measurement was given 1 minute to settle; the values listed in Table 111 lists the
maximum DC measured by the DMM thereafter as well as the current density given the
0.0123 mm? electrode surface area. To evaluate the effect of 1/fnoise in-vitro, the 1000 Hz,
50 s ipi measurement was taken out to 10 minutes. Throughout the test, the maximum and
minimum measurement was 5 nA and 3 nA respectively, with the mean shifting slightly
from 5 nA to 4 nA after 5 minutes.

VIIl. In-vivo Results

To test the stimulator in-vivo, we interfaced the cuff electrode described in Section V to the
sciatic nerve in a rat, and recorded electromyogram (EMG) signals from the tibialis anterior
(TA) and gastrocnemius (GM) muscles of the lower leg (Fig. 13). Male Wistar rats
weighting 300-320 g were used in this experiment. All procedures were approved by Johns
Hopkins Medical Institute Animal Care and Use Committee (ACUC). Each rat was
implanted under 2% isoflurane anesthesia with a nose cone. After swabbing the dissection
area with 70% ethanol, the skin was cut along the back of the thigh. The left sciatic nerve
was dissected at the midthigh and carefully freed from surrounding tissues from the sciatic
notch to the knee. The cuff electrode was opened and placed around the sciatic nerve
avoiding compression and stretch. To record EMG activity, pairs of fine wire hook
electrodes (two 40-gauge Teflon-coated steel wires in a 27-gauge 12.5 mm hypodermic
needle) were implanted in the left gastrocnemius (GM) and tibialis anterior (TA) muscle;
signals were amplified and digitized with an RA16PA preamplifier (Tucker-Davis
Technologies, Alachua, FL). All EMG responses plotted in Figs. 14, 15 are averages of five
responses.

The EMG response from monopolar stimulation of each of the center triplet’s contacts is
depicted in Fig. 14(a). Stimulation consisted of single pulses with a 75 /s pulse width, and a
50 /s inter-pulse interval. The current’s return path was through a stainless steel needle

IEEE Trans Biomed Circuits Syst. Author manuscript; available in PMC 2018 April 01.
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electrode in the neck. Electrode 5 showed the highest sensitivity for TA; a 50 ¢A pulse was
sufficient to evoke an EMG response, while no response was seen in GM. A 75 LA pulse
was needed at electrodes 4 and 6 to evoke a response, but each site still appeared selective to
TA. At each site, the non-specificity of stimulation prevented the stimulator from inducing
the maximal response from TA without activation of GM.

Current steering stimulation patterns were applied to assess how EMG responses might be
altered. Fig. 14(b) compares the EMG response to three stimulation patterns, monopolar,
tripolar, and tripolar with an additional current steering contact. The tripolar pattern
consisted of the middle contact activated cathodic first (primary electrode), and the two
adjacent electrodes activated anodic first, calibrated with an amplitude of 1/2 as described in
Section IV. The tripolar with current steering pattern was identical to the tripolar pattern, but
with an additional second center contact activated anodic first with an amplitude matched to
the primary electrode. Patterned stimulation at electrodes 5 and 6 had a clear effect on the
evoked response. At electrode 4, the additional anodal contact suppressed an EMG response
within both muscles; while not useful in practice, it is shown here for completeness.

Fig. 15 illustrates another example of the physiological effects of using the circuit for current
steering stimulation. In this experiment, performed in a different rat, stimulation again
consisted of single pulses. We used a 50 zs pulse width, and a 50 /s inter-pulse interval. Due
to the decreased pulse width selected a slightly higher amplitude of 150 #A was required to
evoke maximal EMG responses. Fig. 15(a) shows the effects of monopolar stimulation to the
three center contacts. Contact 4 was preferential to the TA muscle, contact 6 was preferential
to the GM muscle, and contact 5 exhibited no preference. Fig. 15(b) illustrates the effects of
steering. Columns i-iii depict the EMG response to tripolar stimulation with (i) no steering
contact, (ii) electrode 4 as an anodic steering contact, and (iii) electrode 6 as an anodic
steering contact. Steering with electrode 4 suppressed the EMG response in the TA muscle,
while steering with electrode 6 suppressed the EMG response in the GM muscle.

IX. Discussion

A. DAC Calibration

The post-calibration resolution of the DACs is limited to 8-bits. One likely cause is that the
tap currents vary significantly with the input code. Interestingly, we have found the lower
order bits seem to provide no additional benefit here. For example, running the algorithm on
the upper 12 bits, leaving the lower 4 bits set to 0 provides the same level of accuracy and
precision. However, presently, this is not much of a concern as most neurostimulator designs
make use of only 5 to 6 bits (Table 1V). Given that the precision of matching can exceed
0.3%, the lower bits do provide a benefit for charge balancing.

A limitation of the proposed calibration technique is that a linear regression is required to
compute DAC coefficients. While an on-chip implementation of the recursive least squares
algorithm is not prohibitive, it would be far more economical to have an FPGA or
microcontroller compute the coefficients in the background and communicate them back to
the stimulator chip.

IEEE Trans Biomed Circuits Syst. Author manuscript; available in PMC 2018 April 01.
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B. Matching

The offline calibration strategy proposed here achieves a precision of 0.3% in matching of
the anodic and cathodic phases. The use of an interpulse delay allows charge stored in the
double-layer capacitance to be lost through faradaic reactions, but the inclusion of a passive
discharge switch compensates.

The 1/fnoise in the current sources and biasing network increases the variance of this
measurement. To assess the long-term implications, we directly measured the DC current
flowing through a cuff electrode /n-vitro over ten minutes [29], [30], and found only a 1 nA
shift in the baseline. With recalibration performed every 10 minutes and 200 ms required per
channel, the calibration circuit would need to operate with a duty cycle of only 0.27%.

Reported safe current densities for effective DC /n-vivo range from 230 nA/mm? [31] to 750
nA/mm? [32]. The maximum effective DC level measured here (407 nA/mm?) falls within
this range. Note that this DC level was measured with 1000 Hz stimulation, a much higher
frequency than would be used in virtually any stimulation application. However, our
measurement setup had a minimum detectable level of 1 nA, so high stimulus rates were
required to drive the measured DC well above 1 nA. For the low stimulus rates used here,
passive discharge alone may have been sufficient to reduce net DC down to what are
considered safe levels. Balanced biphasic stimulation confers an additional safety margin,
and may be necessary in a chronically implanted system where electrode-tissue impedances
can change over time.

C. In-vivo results

The results of Section V11l demonstrated altered physiological responses to current steering
stimulation patterns. The parameter space for current steering stimulation is extensive, and
we have not undertaken an exhaustive search for optimal patterns. The stimulation patterns
tested here were based off of previous studies in similar animal models, and have rigorously
demonstrated the enhanced selectivity obtained through current steering [5], [33]-[35]. This
is an active and promising area of research, and progress will likely rely on both novel
hardware as well as mathematical modeling of the electric field profile in tissue [36].

One limitation was large variability between the two animals tested. For the first rat, were
unable to find any configurations (neither monopolar nor multipolar) that were selective for
GM. The results from the second rat show that multi-electrode arrays themselves can offer
some degree of selectivity. For the second rat both monopolar and multipolar configurations
could be selective for GM and TA. Therefore, these results only serve to demonstrate
feasibility.

Inter-animal variability was likely due to a combination of variations in nerve cuff electrode
orientation and fine-wire electrode placement within the muscles of interest. In particular,
fine-wire electrodes have a small conduction volume that can sensitively collect even
individual motor unit action potentials. Therefore, despite consistent placement within a
specific muscle of interest, variations in the composition of motor units, in terms of muscle
type and patterns of activation, may influence the output recorded by a fine-wire electrode.
Future experiments could mitigate this effect through the use of multiple fine-wire
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electrodes, and taking either averaged measurements across the electrodes or differences
between electrodes to capture higher conduction volumes. Additionally, prior work in the
field have used cuff electrodes with contacts spanning the entire circumference of the nerve
[5], [33], [34], whereas here the arrays used covered 75% of the nerve circumference, in the
future, histological examination of the stimulated tissue should be made to validate.

D. Comparison with the state-of-the-art

Table IV lists the specifications from this work along with six other published works. This
work, as well as that of [10] and [18] demonstrate multipolar stimulation, but rely on inter-
channel matching for the accuracy of such patterned stimulation, whereas here, a calibration
method ensures such accuracy. Any neurostimulator system with multiple of independent
current sources can be used as a current-steering stimulator. The methods proposed here
offer a way to ensure the accuracy of such stimulation waveforms. Furthermore, the
overhead to accomplish this is shared with a method to improve charge balance. However,
the precision necessary to ensure the desired /n-vivo effect (in this case the specificity of
stimulation) remains to be demonstrated. The works that have leveraged multipolar
stimulation tend to make use of a separate source and sink per channel. A VLSI systems
based on the H-bridge architecture, designed for multipolar stimulation, was presented in
[39]. This work used a switch network connecting a single current source to two blocks of
50 electrodes. Current could be passed from any single member of one block through any
arbitrary combination of electrodes in the opposing block.

Charge balancing accuracy trends can also be gleaned from Table IV. As noted in [37], the
H-bridge architecture is intrinsically charge balanced; the same current source is used for
both phases of stimulation. As such, this architecture tends to achieve charge-balance
accuracy an order of magnitude greater than other methods. The calibration method
described here achieves similar accuracy to the dynamic current mirror method. Both
methods null the error between anodic and cathodic phases; the dynamic current mirror does
so using analog feedback and a storage capacitor, whereas we use a digital feedback loop,
storing the result in a digital register. The use of an additional “shorting” switch in each
channel allows for DC current levels to be brought well below safety-limits [13], [18], [28].

X. Conclusion

We have presented an architecture for a current steering neurostimulator array. An on-chip
calibration circuit facilitates spatial patterning of the electric field /n-vivo and additionally is
used to calibrate an 8-bit current-mode DAC for each channel, as well as charge balance
biphasic stimulation. The calibration circuitry is shared across channels, and therefore the
architecture is particularly suited for high channel-count systems. Further, since charge
balancing is achieved without off-chip components the system is amenable to implantable
systems. Spatial patterning of electrical stimulation offers a method to activate specific
targets /n-vivo, a major obstacle in the development of low-side-effect neurotherapeutic
stimulation systems
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Fig. 1.
A block diagram for a single channel of the neural stimulator. Anodic and cathodic current

sources have independent DACs which are routed to a calibration circuit for coarse
calibration (switches D and E). When both current sources are simultaneously on, closing
switch F allows the mismatch between the anodic and cathodic currents (the error current) to
be measured by the calibration circuit. Switch H shorts the electrode to a reference voltage.
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Fig. 2.
(a) Circuit diagram for the R-SR splitter. (b) The calibration circuit consists of an integrator

and comparator for an analog-to-time-to-digital conversion.

IEEE Trans Biomed Circuits Syst. Author manuscript; available in PMC 2018 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Greenwald et al.

M,
Vshort
=
H
—ZW
7<F To
. electrode
o
M2 g)_)
=
o
=
>
M;| o
\V(-';
=

Fig. 3.
A modified regulated cascode, described in [22], serves as the output current source.
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Fig. 4.
The signals that activate the current sources, and connect the current sources to the

calibration circuit are gated by a set of registers that are programmed serially.
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Fig. 5.
The calibration circuit can be used to generate spatial stimulation patterns. Here, a tripolar

pattern can be generated by first matching the anodic phases of two channels, then matching
the cathodic phase of a third channel to their sum.
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Impedance data for a single stainless-steel electrode from the cuff array used to interface the

stimulator in-vivo
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Fig. 7.
Micrograph of an eight-channel stimulator, fabricated in a 0.18 ym CMOS process. The die

size including pads measures 1.5 x1.5 mm?
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Fig. 8.

Input output relationship of the DAC before (a) and after calibration (b). Linearity is
quantified by the differential non-linearity (DNL)(c) <0.3 LSBs and the integral non-
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linearity (INL)(d) <3 LSBs. Points represent data across 8 channels.
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Fig. 9.
The difference between the anodic and cathodic currents normalized to the full scale current.
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Fig. 10.
Variation in the matching between anodic and cathodic currents over time.
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Fig. 11.
The percent difference between the stimulating cathodic current and a pair of anodic

channels. The y-axis indicates the channel selected as the cathodic source, and the x-axis
corresponds to the different pairs of channels that complete the tripolar unit. White entries
correspond to combinations where the cathodic channel and anodic pair conflict.
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Fig. 12.
Experimental setup for in-vitro testing. A parallel RC was placed in series with the

stimulator and the cuff electrode array submerged in saline along with an AgAgCI return
electrode. A Tektronix digital multi-meter (DMM) measured the average voltage across the
RC to record the effective DC current. The electrode potential time-domain waveform and
current profile are shown below. A CMOS input op-amp was used to buffer the electrode
waveform and digitized with a 16-bit NI-DAQ. Two waveforms are shown, one with a 1 (s
inter-pulse interval (ipi) and the other with a 50 zs ipi. The current profile was measured by
replacing the parallel RC with a single 100 Q resistor, adding a second buffer, and feeding
the two buffered waveforms into the DAQ to be read differentially.

IEEE Trans Biomed Circuits Syst. Author manuscript; available in PMC 2018 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Greenwald et al.

Page 28

cuff A

electrode
to
*+. stimulator

sciatic

microwires
to emg
amplifier

Fig. 13.

Experimental setup for in-vivo testing. A multi-channel concentric cuff was interfaced to the
sciatic nerve of a rat. The electrode consisted of three concentric triplets for a total of nine

electrodes, and eight of the nine electrodes (solid circles in inset) were connected to the

neurostimulator chip. Microwires were inserted into two muscle groups (tibialis anterior and

gastrocnemius) to record intramuscular EMG in response to stimulation.
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Fig. 14.
In-vivo recorded physiological response to spatially patterned nerve stimulation in

anesthetized rat. In all plots, insets indicate the electrodes used, and the polarity of
stimulation at those sites. Green indicates cathodic first, and red indicates anodic first. (a)
EMG response of the tibialis anterior (TA) muscle (top row) and the gastrocnemius (GM)
muscle (bottom row) to monopolar stimulation of the three center-ring electrodes at three
levels of stimulation. (b) EMG response of TA (top row) and GM (bottom row) to three
patterns of stimulation at 100 LA.
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Fig. 15.
EMG response to stimulation of the sciatic nerve in the TA (top row) and GM muscles

(bottom row). (a) Columns i—iii show responses due to monopolar stimulation at the three
center contacts. (b) Column i shows the response to a tripolar stimulation pattern, with

an anodic steering contact is added at electrodes 4 and 6 respectively. The anodic contact at
electrode 4 attenuates the TA response while the anodic contact at electrode 6 attenuates the
GM response.
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TABLE |

Transistor Sizing in the R-AR Splitter

Transistor ~ W/L (um)
Mry 4x36/3.6
Mg, 0.84/0.4
Mprs 0.84/0.4
Mprp 0.84/0.3
Mprs 0.84/0.52
Mpsy 2 x 0.84/0.6
Mo 2 % 2.36/2.36
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TABLE Il

Transistor Sizing in the Current Buffer

Transistor ~ W/L (um) Transistor ~ W/L (um)

My, 200 15/14 Myg 300 x 0.95/0.71
M 2x15/1.4 M, 3% 0.95/0.71
M, 4% 202 Mg 16 x 1/1

M 12 % 212 M 48 x 1/1

M, 2x1/25 M, 15 % 1/5

M, 1/2.5 My 5x 1/5
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Effective DC measured in-vitro

TABLE Il

Frequency (Hz) | Inter-pulse interval (us) | DC (nA) | Current density (nA/mm?)
500 1 2 163
500 50 3 244
1000 1 3 244
1000 50 5 407
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