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ABSTRACT OF THE DISSERTATION 

 

Bioelectronic Circuits and Systems  

Design for Epi-Retinal and Neural Prostheses 

 

by 

 

Yi-Kai Lo 

Doctor of Philosophy in Biomedical Engineering 

University of California, Los Angeles, 2014 

Professor Daniel T. Kamei, Co-Chair 

Professor Wentai Liu, Co-Chair 

 

Over the past decades, neural prostheses have been developed and used to restore 

lost functions of individuals in order to improve the quality of human life. However, the 

functionalities of those commercial prosthetic devices are often limited by its 

bioelectronics. A well-known example is the FDA-approved 60-channel retinal implant 

(Argus II). Patient with retinal implant are only allowed to perform simple tasks, such as 

navigating in a room and reading large character, but 1000+ channel are further required 

for the patients to do facial recognition or reading, necessitating advanced design for the 

implant’s bioelectronics.  
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In this dissertation, we present the circuits and systems design of a fully 

functionally integrated 1024-channel mixed-mode and mixed-voltage system-on-a-chip 

(SoC) for epi-retinal and neural prostheses. This SoC is designed and fabricated in TSMC 

0.18 µm high-voltage 32 V CMOS process and occupies a chip area of 5.7 mm× 6.6 mm.  

Fully integrated high-efficient power telemetry was implemented to provide multiple 

supply voltages simultaneously to power the SoC. Data telemetry based on differential 

phase shift keying (DPSK) with a novel noise reduction scheme supports a data rate of 2 

Mb/s at a bit-error-rate of 2×10-7. The 1024-channel stimulator array meets an output 

compliance voltage of ±10 V and provides flexible stimulation waveforms. Using this 

SoC, a unique retinal implant bench-top test system is set up with real-time visual 

verification. We have further performed in-vitro experiment conducted in artificial 

vitreous humor to investigate stimulation waveforms for better visual resolution.  

A versatile multi-channel neural stimulator was further designed and implemented 

based on the SoC. The stimulator has integrated residual charge cancellation function to 

prevent neural damage, and a unique technique to measure bio-impedance based on large 

signal analysis. In our in-vivo experiment, a hind-limb paralyzed rat with spinal cord 

transection and implanted chronic epidural electrodes has been shown to regain stepping 

and standing abilities using stimulus provided by the SoC. The proposed stimulator has 

also been shown effective to stimulate segments of both denervated and normal intestine 

of rats to regain motor function and to induce intestine contraction.    
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Chapter 1  

Introduction and Background 

1.1 EPI-RETINAL AND NEURAL PROSTHESES  

Epiretinal prostheses have shown to be effective in restoring the loss of visual 

function for those suffering from retinal degenerative diseases, such as age-related 

macular degeneration (AMD) and retinitis pigmentosa (RP). Both diseases are currently 

incurable, resulting in the progressive loss of retinal photoreceptor cells whereas the 

majority of ganglion cells still remain intact. With the retinal prosthetic device, the lost 

perception of vision can be partially recovered by providing electrical stimuli to 

remaining retinal cells and neural circuits [1-6]. Fig. 1 shows the conceptual realization 

of our epi-retinal prosthesis. The external device includes camera-mounted glasses, a 

signal-processing unit, and a pair of data and power transmitter coils. Images captured by 

the camera are down-sampled, gray-scaled, and encoded to be transmitted along with 

power signal through inductive links. Inside the eyeball, a pair of receiving coils acquires 

power and data signals for the retinal system-on-a-chip (SoC). The SoC then drives the 

electrode array to provide stimuli to the retina.  

Over the past few decades, significant research efforts have continuously been 

devoted to advancing retinal prosthetic devices by increasing the number of stimulation 

channels within a limited chip size, enabling flexible stimulation patterns, replacing 

tethered wires with wireless data and power link, adopting mixed-voltage design for 

better performance, and moving toward a fully integrated retinal stimulator for the 
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miniaturization of the implant [7-18]. Human clinical trials have shown that increasing 

the number of stimulation channels improves the visual acuity. Visual acuity of the FDA 

approved, commercially available Argus II  (60-electrode epi-retinal implant [19]) is 

20/1260, greatly improved from 20/4000 provided by its 16-electrode predecessor, Argus 

I. However, these devices only allow patients to do simple tasks, such as navigating in a 

room. 1000+ electrodes are further required to perform more complicated tasks like face 

recognition and reading [5], but a retinal prosthesis with more than 1000 channels has not 

yet been successfully realized.  

     

Fig. 1 Conceptual realization of epiretinal ptostheses 
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The size of the microelectronics chip is also critical to the form factor of the final 

implant. A die size of 1024-channel stimulator based on [13] is estimated to be 64 mm2. 

The 256-channel retinal stimulator IC developed in our lab occupies a chip area of ~25 

mm2 [9]. Next generation retinal stimulators must be able to accommodate a larger 

number of channels and utilize the limited die area efficiently. It has also been reported 

that hundreds of µA current stimuli are required to meet the patient’s perceptual threshold 

or create various brightness levels[3, 20]. A high-compliance voltage of ±10 V and high-

voltage (HV) transistors for the stimulator are thus necessary due to the high electrode-

tissue interface impedance of 30 kΩ [1].  

    In order to reduce the surgical invasiveness, the number of discrete components 

of the prostheses should be minimized, necessitating the need for a highly integrated SoC 

that embeds the functionalities of data/power telemetry and neural stimulators. However, 

prior works require discrete diodes/a separate power IC or a tethering wire for data/power 

link [8-11, 13]. Although [17] demonstrates an integrated ±2.5 V 512-channel epi-retinal 

stimulator, it may not be able to accommodate high electrode-tissue impedance and the 

large range of stimuli current required. In addition to the demanding number of 

stimulation channels, the functionalities of a retinal SoC are also key building blocks of 

an implantable neural stimulator[21-24]. Application of an epi-retinal SoC can thus be 

generalized to neuroprostheses which adopt electrical stimulations to modulate neural 

dynamics[25].    

In this dissertation, we present the circuits and systems design for a fully 

functional 1024-channel SoC that can be utilized for both epi-retinal and neural 
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prostheses. We also present a versatile multi-channel neural stimulator with high 

programmability that can be applied to a wide variety of biomedical applications. 

1.2 DISSERTATION OVERVIEW 

The dissertation is organized in the following order: Chapter 2 describes the 

circuit and system design of the SoC; Chapter 3 presents the system validation through 

both bench-top and in-vivo/in-vitro tests; Chapter 4 presents a versatile multi-channel 

neural stimulator; lastly, Chapter 5 draws the conclusion and our future work. 
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Chapter 2  

Circuits and System Design for Epi-Retinal 

Prostheses 

2.1 INTRODUCTION  

In this chapter, the design of a fully integrated 1024-channel SoC for epi-retinal 

and neuroprostheses in 0.18 µm 32 V 1P6M HV CMOS process is presented. In 

succession to its 256-channel retinal stimulator IC developed in our laboratory [9], we 

integrate power and data telemetry with a retinal stimulator, occupying a chip area of 

37.6 mm2. The quad-level power telemetry enables the on-chip generation of four DC 

voltages with a delivery of 100 mW. A differential phase shift-keying (DPSK) data 

receiver supports a data rate of 2 Mb/s with a bit-error-rate (BER) of 2×10-7. The 

stimulator array has ±10 V compliance-voltage with high programmability. Furthermore, 

four SoCs can be used to build a 4096-channel prosthetic device using chip clustering. 

2.2 DESIGN CONSIDERATION  

Design requirements for microelectronics of biomedical implants, such as flexible 

and programmable stimulation patterns for each individual channel, high-compliance 

voltage requirement, safety mechanism, and low-power neural recording have been 

discussed in the previous work developed in our group [9] and others [8, 13]. In addition 

to the aforementioned requirements, additional design requirements for SoCs of retinal 

prostheses should also include: 
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2.2.1 Efficiency of power telemetry to generate multiple DC voltages 

Design considerations for the power telemetry of implantable device have been 

intensively discussed in [26]. However, design issues regarding using HV process for the 

implant have not been thoroughly discussed. Additional complications for the HV 

process include a higher threshold voltage (Vth) (~1.2 V for the HV NMOS and ~1.5 V 

for the HV PMOS) and low electron mobility. A Vth-cancelled technique has been 

proposed to mitigate the drawback of high Vth in HV transistors. Nonetheless, it suffers 

increased reverse leakage current since the rectifying PMOS transistor is turned on before 

the induced voltage is higher than its output voltage [18]. Moreover, to deliver tens of 

mW to the implant, a large-size rectifying transistor is needed in order to source a large 

current from the coil with small drain-to-source voltage (VDS) drop. Large-size transistors 

inevitably limit the operation/switching speed of the rectifier. An unbalanced-biased 

comparator with non-zero turning-off trigger voltage is proposed to shut off the rectifying 

transistors when the induced voltage is smaller than the rectifier’s output voltage [9], but 

the turn-on delay of the rectifying transistor is not compensated, leading to power loss. 

High-speed and compensated biasing comparators and are also reported to control 

rectifying switches, but extra current is consumed [26]. More critically, if those circuit 

techniques were directly applied to the HV rectifier, more power would be dissipated due 

to the much higher supply voltage used by the rectifier control circuitry. Preventing the 

substrate leakage current is even challenging in the HV CMOS process. One major factor 

contributing to power loss is the leakage current from the coil to the chip substrate since 

there is no triple-well process for HV transistors and passive HV  
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(a) 

 

 
(b) 

Fig. 2(a) Simplified cross-section view of the layout of the half-wave rectifier (b) Dynamic biasing 
circuit to set voltages for the substrate (VSUB) and PMOS bulk (VHVNW). 

 

diodes. Fig. 2(a) demonstrates the simplified cross-section view of the layout of two half-
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external power source while the DC output voltages of the implant are still zero. IB 

distracts the current which is supposed to flow from the coil to CS1 and charges the chip 

substrate to raise its potential. DP1 is on when the induced voltage VCoil_in is one diode-

voltage drop (Vdiode) lower than the substrate potential. Amplitude of VCoil_in is then 

clamped due to the leakage current during its positive phase and the turn-on of DP1 during 

its negative phase, while negative DC is limited by DP2. Accordingly, ± DC cannot reach 

the expected levels and the implant’s PCE is greatly diminished. Note that the leakage 

current would also be present when HV transistors are replaced with on-chip HV diodes 

since there is no triple-well process. 

A common approach to preventing IB utilizes an adaptive biasing circuitry to set 

the bulk and the substrate voltages of the rectifying transistors, as shown in Fig. 2(b). 

MNB1-B2 and MPB1-B2 are used as switches controlled by the voltage difference between 

VCoil_in and ± DC. The difference must be greater than a threshold voltage |Vth| of the HV 

transistor to fully turn it on. However, |Vth| of the HV transistor is higher than the 

parasitic diode’s turn-on voltage. Thus, during start-up the leakage current appears earlier 

than the operation of adaptive biasing circuitry and desired output voltage levels could 

never be reached, leading to a large power loss. In order to prevent the substrate leakage 

current and reverse leakage current to achieve high PCE, an intelligent method to govern 

the operation of the HV rectifier is required.   

2.2.2 Bandwidth Requirement 

Unlike other functional electrical stimulation (FES) implants, retinal prostheses 

have a large number of stimulators and each stimulator must be independently controlled 

to produce flexible stimuli. High programmability implies a high data rate is required. 
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For a 1024-channel retinal stimulator, if 10-bit address is used to identify each channel, a 

large amount of data (10 bits×1024×60 frame per second=614 kb/s) is needed to address 

channel information based on a minimal refresh rate of 60 frame-per-second (fps) for a 

flicker free vision [27]. In our work, an on-chip address generator (OCAG) and 

configuration mode are implemented to reduce the data bandwidth [28]. Since the data 

are transmitted pixel-by-pixel in a simple raster or line-interleaving scanning order in 

most operating conditions, the OCAG takes only the initial address (10 bits) and an 

address generation mode selection (3 bits) of each data packet. All other addresses can be 

generated on-chip using a programmable rule. For a data packets containing 1024 

channels, the amount of data required for channel information is 13 (bits) x 60 (fps) 

=0.78 kbp/s, a 99.87 % reduction compared with 614 kb/s.  

    Further data bandwidth reduction is achieved through the configuration mode 

in which stimulation parameters (inter-pulse delay and amplitude resolution) are sent 

only when needed to reduce the data bandwidth. The originally required number of data 

bits for all stimulus parameters per channel is 32 bit [28]. In the configuration mode, we 

can shorten the required 32-bit stimulus parameters per channel to 19 bits, reducing the 

data from 32 b × 1024 pixels ×60 fps = 2.58 Mb/s to 19 b × 1024 pixels ×60 fps = 1.17 

Mb/s [29]. Both bandwidth reduction schemes have been implemented in our 1024-

channel retinal SoC. 

2.2.3 Quality of wireless data transmission 

A robust data transmission must be secured to provide a high-quality image and to 

avoid false stimulation that might cause damages to human tissues. Moreover, it must 

minimize the interference from the power telemetry. This involves both a thorough 



 10 

transmission protocol and a low BER wireless data link. With the bandwidth reduction 

method described previously and the 2 Mb/s data link supported by the DPSK receiver, 

the spared data bandwidth can be used to insert error detection code and correction code 

to pick out the corrupted data before they reach the stimulator. The size of data packet 

also greatly influences the possibility of data loss [29]. A larger packet size is more 

vulnerable to data loss, compared to a short data packet with same BER. We have 

implemented a data transmission protocol in our retinal test platform that can 

dynamically adjust the data packet length based on the wireless channel condition to 

reduce the number of bad packets. Lowering BER of the DPSK receiver is even critical 

for a robust wireless link. In our epi-retinal prosthesis two pairs of coils are used to send 

data and power signals, respectively. The power signal is much larger than the DPSK 

data signal in order to generate high DC voltages. Although our DPSK scheme can 

largely cancel power interference [9], a transition noise is still observed every time when 

an encoded bit 1 is transmitted from the external device. The transition noise greatly 

influences the BER of the data link. A noise reduction scheme is thus proposed and 

implemented in our DPSK receiver in order to overcome the interference of the inherent 

noise source. 

2.2.4 Stimulation channel scaling 

Chip size limitation is one of the key challenges in scaling up the number of 

stimulation channels. Layout style of circuits under the pad area of a stimulator driver has 

been adopted to place active circuits for an efficient utilization of limited chip area [9]. 

By using top metals to construct the pad, the bottom metal layers can be used for active 

circuitries and routing. Nonetheless, even with this technique, if we simply duplicate a 
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256-channel stimulator array in [9] to create a 1024-channel chip, an area of more than 

one cm2 is required, which is difficult to be implanted. We propose two approaches to 

increase the number of stimulator channel: 1) 1:4 demultiplexer (Demux) and 2) chip 

clustering. A 1:4 Demux allows each stimulator driver to support four output channels; 

chip clustering enables us to combine multiple chips to build a larger stimulator array. 

Note that in order to sustain high-voltage output when a larger stimulus current is applied, 

the Demux needs to be implemented in HV transistors. Level shifters (LS) are thus 

required to boost the LV control signal to HV signals. However, the LS is an area 

consuming circuit since several large HV transistors are needed to scale the signal 

amplitude from 1.8 V to ±12 V with a short rising and falling latency. An efficient 

control scheme and deployment for the Demux and LS are necessary. 

2.3 SYSTEM OVERVIEW 

The system diagram of the proposed SoC for epi-retinal is shown in Fig. 3. Two 

pairs of coils link the external circuit and the 1024-channel SoC. The external circuit 

captures, processes, and encodes the image data. The image information is converted to 

stimulus parameters based on patient’s individual sensitivity threshold. Two class-E 

power amplifiers send the encoded data and the power signal to the SoC via 20 MHz and 

2 MHz carriers, respectively.  

In the SoC, the quad-level power circuits rectifies and regulates the induced AC 

voltage into ±1.8 V and ±12 V DC voltages to power the chip. The clock recovery circuit 

derived from the power signal produces a 2 MHz clock for the DPSK receiver. A power-

on reset signal generated from the output of the rectifier recommences the global digital 

controller (GDC). DPSK recovered data and the clock signal are sent to the GDC. The 
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decoded control signals are then delivered to the current driver in every channel. Each 

current driver is composed of 1) one LS to boost the LV signals from the LDC to high 

voltage; 2) a 4-bit DAC to provided current from 0-5 µA in 16 steps and a 10-step 

programmable gain current mirror are designed to set stimuli intensities (e.g. ~7-bit 

resolution); 3) a grounding switch to short the stimulator output to ground electrode after 

stimulation for charge-balancing [9]; 4) a 1:4 Demux whose outputs are connected to 

stimulation electrodes.  

 

 

Fig. 3. The system diagram of the SoC
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2.4 THE DESIGN OF THE HIGH-DENSITY 1024-CHANNEL SOC 

2.4.1 Fully integrated quad-level power telemetry 

The integrated power telemetry circuit is designed to reduce the number of 

discrete components, such as off-chip diodes or separate power ICs, while at the same 

time efficiently power the SoC which adopts mixed-voltage design. The block diagram of 

the quad-level power telemetry is shown in Fig. 4. Transistor-based timing controlled 

rectifiers take the induced AC voltages to generate low positive and negative voltages 

VrddL and VrssL as well as high positive and negative voltages VrddH and VrssH, 

simultaneously. Four regulators and the supply insensitive reference provide stable DC 

voltages (±1.8 V, ±12 V) to circuit blocks inside the SoC by taking the rectifier outputs. 

CR1

CR2

HV Rectifiers

LV Rectifiers
2.4V

+
-Vref_6

+
-Vref_6B

LV Regulators

HV Regulators

+1.8V

-1.8V
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+12V
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VrddH
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Ref. 
HVNW

Control

ControlSubstrate

CS1-4

 

Fig. 4. The block diagram of the quad-level power telemetry circuitry. 

The schematic of the HV rectifier is shown in Fig. 5 (a). A dynamic substrate biasing 

circuit sets the potential of the bulk of the PMOS HV transistor (HVNW). A start-up 

diode charges the storage capacitor to active the level shifter (LS). Once the induced 

voltage, Vcoil_H, is larger than the output voltage (VrddH), the look-ahead gate control 
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(LAGC) drives the LS to turn on the rectifying transistor and vice versa. Unlike other 

approaches in which a power-consuming high speed control circuits is designed to govern 

the operation of rectifying transistor, we proposed the LAGC to compensate the turn-

on/off delay arising from the large gate-source capacitance of the HV rectifying transistor 

and a large voltage swing. The operation timing of the LAGC is shown in Fig. 5(b). In 

order to turn on the PMOS switch when Vcoil_H > VrddH, the gate controller toggles at VTh 

with tLag ahead of Vcoil_H = VrddH. The gate controller also ensures the PMOS switch is off 

before Vcoil_H < VrddH, thus eliminating the reverse leakage current. The on-period of the 

PMOS switch is determined by the “Delay” block. The voltage conversion efficiency 

(VCE) is further improved by turning on the rectifying switch with a boosted gate control 

voltage. The gate-source control voltage is designed to be |Vcoil_H –VrssH| such that the 

drain-source voltage drop across the rectifier is reduced, leading to a high VCE. A similar 

operation principle is applied on the LV rectifier.  
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tSW_On= Delay
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e
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(b) 
Fig. 5(a) Schematic of the HV rectifier (b) operational timing of the LAGC 

In addition, from our previous description, we know that conventional substrate 

leakage current prevention is not applicable to the HV CMOS process. Thus, our main 

idea to prevent the substrate leakage current during the start-up and steady state of the 

rectifier is to turn on the rectifying switches to charge/discharge the storage capacitor 

before the parasitic BJT is on via the mixed-voltage gate controller. Once VCoil_HV > VrddH, 

MPR1 is immediately turned on prior to the conduction of the vertical parasitic BJT (the 

BJT is on when VCoil_HV is larger than VHVNW by Vdiode; VHVNW and VrddH are zero 

initially). Thus, the current from the coil charges CS1 to raise VrddH first instead of 

charging the chip substrate to boost the substrate potential. MPR1 is then off when 

VCoil_HV < VrddH. It is important to note VHVNW is also increasing since there are PN-

junctions between VHVNW, VCoil_HV, and VrddH. Through the periodic activation of MPR1 

during start-up, both VrddH and VHVNW are increased. Note that increasing VHVNW 

reduces/prevents the substrate leakage current. With the operation of the mixed-voltage 

controller in the HV rectifier, VrddH and VrssH can then be gradually pulled to the desired 

levels. Thus, the induced amplitude of VCoil_HV is not limited by the substrate leakage 
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current in its positive phase and the turn-on of the parasitic diode formed by the substrate 

and VCoil_HV in its negative phase.  

A start-up methodology is proposed by incorporating the operation of the LV 

rectifier as part of the start-up circuitry in the HV rectifier. This configuration provides 

the advantages of a) an early-stabilized low DC voltage ensures the proper function of the 

data telemetry and digital circuits before stimulation helps avoid false stimulation; b) 

enabling the switch control circuits of the HV rectifier to be implemented in the LV 

transistors, reducing both chip area and power consumption; c) preventing substrate 

leakage current (detail will be given in the next section).  

The start-up scheme can be broken down into two phases, as shown in Fig. 6(a). 

In phase I, LV diodes in the LV rectifier initially set VrddL and VrssL to enable the 
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(b) 

Fig. 6(a) Start-up sequence and (b) the start-up waveform of the quad-voltage rectifier. 

operation of the LAC and PG. Note that in the LV rectifier, since the Vth of the LV 

transistor is smaller than the Vdiode, substrate leakage current would not impede its start-

up. In phase II, HV diodes and its switch controllers powered by the LV rectifier serve as 

the start-up circuitry for the HV rectifier. HV diodes set the initial VrddH and VrddL for the 

LS while the switch controller provides the on-off signal for the MPR1 and MNR1 to 

further increase VrddH and VrssH. The proposed arrangement of start-up sequence prevents 

substantial substrate  

2.4.2 DPSK data receiver 

DPSK has good interference-rejection property and thus it is adopted in our dual 

telemetry where a large power signal is simultaneously transmitted. In this SoC, a 20 

MHz carrier is modulated with 2Mb/s raw data while a 16 MHz clock is used to sample 

the receiving signal at the DPSK receiver. As shown in Fig. 7(a), ideal DPSK-modulated 

signal has a phase change to represent bit 1 and no phase change for bit 0, where Si,j 
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means jth sample of ith symbol. Eight samples are acquired per DPSK symbol. By 

sampling two consecutive symbols, the DPSK receiver calculates the absolute value of 

the difference between the samples in the current symbol and its previous one. The 

difference is then integrated to determine whether this incoming symbol is bit 1 or bit 0. 

Fig. 7(b) illustrates the raw transmitter data at the external processing unit, the receiving 

DPSK signals from the coil, and the integration outputs from our 256-channel retina test 

platform [30]. Note that the DPSK signal shown is a 20 MHz carrier interfered by the 2 

MHz power signal. From the measurement of empirical DPSK signal, a transition noise 

appears when bit 1 is transmitted. S1 represents the phase transition period when a bit 1 is 

transmitted and S2 shows no phase change for the following bit 0. A bit 0 following a bit 

1 is, thus, prone to error because the first few samples of bit 1 symbol would be 

contaminated by the transition noise, results in a smaller threshold window for the 

determination the current symbol.  The block diagram of the DPSK receiver is shown in 

Fig. 8. The operational principle of the DPSK is similar to [9]. However, we optimize and 

improve the performance of the DPSK receiver by 1) a 2nd-order high-pass filter (HPF) 2) 

a programmable threshold voltage generator 3) a new switch-capacitor array, and 4) a 

non-ideal sampling exclusion (NSE) scheme to exclude 0 to first 2 samples.  The 2nd-

order HPF suppresses the interference from the large power signal. A programmable 

threshold generator composed of a 4-bit DAC produces an adjustable threshold voltage. 

Once the integrator output is larger than the threshold voltage, a bit 1 is determined to be 

received and vice versa.  

A new switch-capacitor array is devised to reduce the number of switches for area 

optimization. The schematic of the original switch-capacitor unit and new one for this 
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SoC is shown in Fig. 9. In our previous work, two identical sampling units are used to 

perform the operation of |S2,i-S1i| through sampling and inverting. In our current design, 

the operation of the switch-capacitor array is divided into two 

|X-Y||X-Y||X-Y|

+

Symbol #1, bit0 Symbol #2, bit1

|X-Y||X-Y|

20 MHz Carrier
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Fig. 7(a) Operation principle of DPSK modulation (b) measured raw data at transmitter (TX raw), 
DPSK integrator outputs, and DPSK data signal with power interference (Data coil in). 
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 Fig. 8 The block diagram of DPSK receiver 
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On the other hand, in order to reduce the influence of the transition noise, a NSE 

scheme is designed and implemented in the digital controller. From our measurement 

result, the transition time, when a bit 1 is transmitted, is around 100ns.  The proposed 

NSE allows the SoC to exclude the first one or two samples out of eight samples per 

symbol from integration, depending on the condition of the inductive link. 

2.4.3 High-density stimulator 

Based on the current stimulator driver in [9], we implement a 1:4 Demux to scale 

up the number of stimulation channel. As shown in Fig. 10, the Demux is made 
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Fig. 10 The control scheme of 1:4 Demux. 

of four HV transmission gates and is cascaded at the driver output. An intuitive approach 

to control the Demux is, like controlling the stimulation driver, through a LDC which 

receives stimulus parameters from the GDC to command each driver. In the LS design, 

three-stage LS are used to boost a digital control signal (from -1.8 V to ±12 V) for the 

control of a HV transmission gate. The estimated area of four LSs is 64800 µm2 (four 
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LSs are required to drive one 1:4 Demux) which is around 80 % area of one channel in 

[9]. Therefore, it is less possible to implement four LSs in every stimulation channel to 

realize 1024 channels. In order to reduce the number of LS as well as chip area, we 

propose to command the Demux  
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Fig. 11 Chip clustering configuration using four SoC 

via the GDC such that only four LVs are required for the entire SoC. The number of LS 

can be reduced from (256 × 4) to only four. The control scheme of the Demux is 

illustrated in Fig. 10 Four LSs boost the command signal from the GDS. There are 16 

row buffers and each buffer relays the Demux control signal to 16 Demuxes. Using this 

approach, the channel number in one stimulation driver can be expanded four times with 

minimal area increment. Note that the Demux control data are also incorporated in the 

19-bit data packet in the configuration mode of the SoC. In order to support a larger 

number of channels for future applications, chip clustering is adopted to allow the user to 

combine four chips together for a 4096-channel stimulator. One of the SoCs serves as a 

master to retrieve both power and data signal, as shown in Fig. 11. Power and data 

circuitries of the other three SoCs’ are off and they use the decoded DPSK data of the 
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master to execute stimulation. Four SoCs are accessible thorough 10-bit address in which 

8 bits are used for the driver selection while 2 bits are for the chip ID. 

Moreover, stimulation strategy is of critical importance for a high-density retinal implant. 

The strategy we adopted is to evenly distribute the stimulation current within each frame 

of 16.6 ms (1/60 s) to ensure the overall stimulation current does not exceed a safe limit 

of 3 mA set by our collaborators Dr. James Weiland and Second Sight Inc. For example, 

if we stimulate 50 µA with 1 ms duration per channel, 60 channels can be operated at the 

same time. Within each 16.6 ms frame, 60 × 16 = 960 channels can be activated in a 

frame time of 16.6 ms and 60 times per second for a flicker-free vision.  

2.5 CHIP IMPLEMENTATION 

    The proposed integrated high-compliance voltage 1024-channel SoC for epi-

retinal is designed and fabricated in TSMC 0.18 µm 32 V HV 1P6M CMOS process. The 

chip micrograph is shown in Fig. 12 with an area of 5.7 mm × 6.6 mm. Testing pads are 

placed on the peripheral for system characterization. A 32 × 32 array is the stimulator 

output. The inset of Fig. 12 shows the layout of each stimulator driver in one pixel that 

connects to four output pads. Unlike conventional pads, these outputs were placed on top 

of active circuitry to save chip area with its cross-section view shown in Fig. 13. Only 

M3-M6 are used to construct the pad while all layers under M3 are utilized to build active 

circuitries. Each CUP pad size is 75 μm × 75 μm and thus the area of one pixel is saved 

up-to 22%, compared to no CUP layout-style. Critical pads are laid between the 1024 

outputs and the power/data circuits for ease of future implantable package. This SoC is 

packaged in QFP 208-pin package for our testing and characterization. 
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Fig. 12 Chip micrograph of the SoC 

 

Fig. 13 Cross-section view of the circuit-under-pad (C
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CHAPTER 3  

Bench-top Test and In-vitro Experimental Results 

3.1 INTRODUCTION 

Two experiments of the SoC are performed, including 1) retinal implant bench-

top test for system characterization, 2) In-vivo power link testing using a rat model, and 3) 

in in-vitro experiment conducted in artificial vitreous humor to investigate stimulation 

waveforms for better visual resolution.  

3.2 RETINAL IMPLANT BENCH-TOP TEST 

The set-up of the bench-top test is based on our retinal testbed system [31]. The 

external device includes a camera, a laptop, and a FPGA to process the camera image and 

produce power and DPSK signals, which are then transmitted to the SoC via coils. Two 

pairs of coils link the external device to the SoC with a separation of 1.7 cm. The coils 

are made by litz wire with its parameters given in [31]. Only 6 off-chip capacitors and a 

16 MHz crystal oscillator are required to operate the SoC, Instead of the LED display, the 

verification method for the 1024-channel SoC adopts scope display and a pseudo-channel 

visualization implemented by a FPGA and a computer to grab the decoded DPSK signal 

from the SoC.  

Fig. 14 (a) shows the measured waveforms of the LV rectifier. Vcoil_LV is the input 

of the LV rectifier; VLVNW and VLVPW are bulk potentials of the LV rectifying transistors; 

VrddL and VrssL are the rectifier outputs.  At amplitude of VCoil_LV of 3 V, |VrddL-VrssL| is 

5.4 V with a loading resistance of 30 kΩ. High voltage conversion efficiency (VCE) of 
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90 % is achieved. As seen in the top-right inset of Fig. 8(a), we also observe a voltage dip 

of VCoil_LV with a duration of 20 ns. This is due to the conduction of MPR2, such that 

VCoil_LV is pulled to approach VrddL. A similar phenomenon can also be seen in the 

bottom-right inset of Fig. 14(a) where a voltage dip occurs when MNR2 is conducting.     

Fig. 14 (b) shows the measured waveform of the HV rectifier. Vcoil_HV is the input 

voltage of the HV rectifier; VHVNW and VSUB are the bulk voltages of MPR1 and MNR1, 

respectively; VrddH and VrssH are HV rectifier outputs. Note that VSUB is also the substrate 

voltage of the entire circuit. With the VCoil_HV amplitude of ±14 V and a loading 

resistance of 12 kΩ, |VrddH-VrssH| is 24.5 V and achieves a VCE of 87.5 %. The measured 

conduction periods of MPR1 and MNR1 are 15 ns and 18 ns, respectively. The conduction 

period of MPR1-R2 and MNR1-R2 are deviated from the designated period of 40 ns and is 

probably due to process variation that leads to the deviation of the ratio of the resistor 

voltage divider and delay-time set by the Delay block in the rectifier control logic. The 

shorter turn-on time results in incomplete utilization of each charge/discharge cycle, 

lowering PCE. Moreover, the practical waveform of the induced voltage is not a perfect 

sine wave as used in the derivation of the turn-on periods, leading to additional power 

loss. Fig. 14(b) also shows that voltage ripple in VHVNW. The ripple is a scaled-down 

VCoil_HV superimposed on VHVNW through capacitive coupling. The same phenomenon 

also appears in VSUB, but with a smaller ripple due to the large substrate parasitic 

capacitance. Similarly, the same observation applies to VLVNW and VLVPW. 
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(a) 

 

(b) 

Fig. 14 (a) Measured waveform of the LV rectifier. VLVPW and VLVNW are the bulks of MPR2 and 
MNR2, respectively. A 30 kΩ loading resistance is used in the test (b) Measured waveform of the HV 
rectifier. A 12 kΩ loading resistance is used in the test [15]. 
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Fig. 15(a) shows the VCE of the rectifiers, with the definition of Vout/Vin, where Vin is 

the amplitude of induced voltage at the rectifier input and Vout is the rectifier output 

voltage. The LV rectifier has a VCE of 82% at a load of 10 mW while the HV rectifier 

maintains a VCE greater than 80% at a load of 127 mW. With the increasing load power, 

VCE drops accordingly because a larger VDS for the rectifying transistor is required to 

allow more current to the storage capacitor.  

Fig. 15(b) shows the PCE of the rectifier based on   

𝜂𝑅𝑒𝑐 =  𝑉𝐿𝑉∗𝐼𝐿𝑜𝑎𝑑,𝐿𝑉+𝑉𝐻𝑉∗𝐼𝑆𝑡𝑖,𝐻𝑉
𝑉𝐿𝑉∗𝐼𝐿𝑜𝑎𝑑,𝐿𝑉+𝑉𝐻𝑉∗𝐼𝑆𝑡𝑖,𝐻𝑉+𝑃𝐿𝑜𝑠𝑠,𝐿𝑉+𝑃𝐿𝑜𝑠𝑠,𝐻𝑉+4𝐼𝐶𝑜𝑛,𝐿𝑉∗𝑉𝐿𝑉

                                  (1)                                                

, where VLV and VHV respectively represent measured rectifier output voltages of |VrddL-

VrssL| and |VrddH-VrssH|, ILoad,LV and ISti,HV are the measured loading currents from load 

resistors, ICon,LV are the measured currents consumed by the control logics, and PLoss,LV 

and PLoss,HV are the calculated power losses caused by the dynamic switching power and 

the measured voltage-drop of the rectifying transistors. A constant load of 10 mW (|VrddL-

VrddL|=4.92 V, load resistor = 2.4 kΩ) is applied on the LV rectifier outputs to emulate the 

practical operation in which the LV circuits of the implant are always turned on to control 

the stimulators. It can be seen that if more than 100 mW is consumed for stimulation, 

PCE is still higher than 80 %. 

A pie-chart illustrating the power consumption of main components of rectifier is 

shown in Fig. 15(c).  It can be seen the major power loss, PLoss,LV and PLoss,HV, together is 

6.01%. Note that the control logics in the HV rectifier is implemented in LV devices and 

powered by a LV rectifier such that its power consumption can be dramatically reduced 

compared to be powered by the HV rectifier outputs directly. The power consumption of 

control logics in the HV or LV rectifiers (PLAC,L-H) only occupy 0.42 % (0.197 mW).   
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Fig. 15(a) Measured VCE of the LV and HV rectifiers. For the HV rectifiers, Vout is |VrddH−VrssH| 
with a VCoil_HV of 28 VPP. For the LV rectifier, Vout is |VrddL-VrssL| with a VCoil_LV of 6 VPP [15, 16](b) 
Measured PCE of the quad-voltage rectifier. A constant load of 10 mW is applied to the LVrectifier 
outputs (|VrddL-VrddL|=4.92 V, load resistor = 2.4 kohm) while an increasing load is applied to the HV 
rectifier to mimic real operation of the implant(c) power distribution of the main components in the 
quad-voltage rectifier (|VrddH - VrssH |=24.9 V, load resistor between VrddH and VrssH is 18.2 kohm) 

With wireless powering, the effectiveness of the NSE scheme implemented in the 

DPSK receiver is verified by skipping 0 to first 2 samples. DPSK outputs skipping 0-2 

samples are shown in Fig. 16. TX_raw is the raw data at the external device while 

RX_data is the demodulated DPSK output. Integration outputs (INT+ and INT-) show the 

sum of the differences between samples acquired in two consecutive DPSK symbols. It 

can be seen that the larger threshold windows help distinguish DPSK symbol 0 from 1. 

Excluding one sample results in roughly two times increase in the threshold window 

when compared with integrating all 8 samples. An increase of the window can be further 

achieved by excluding both the 1st and 2nd samples. The NSE scheme is capable of 

reducing the influence of the DPSK transition noise when a bit 0 is transmitted following 

a bit 1 symbol. The measured bit-error-rate (BER) of the DPSK receiver versus different 

threshold voltages is shown in Fig. 17. The threshold voltage is controlled by a 4-bit 

DAC with a range (15/16)×1.8 V. Excluding first two samples presents better BER 
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compared with the other two. It is intuitive that with higher threshold voltage a lower 

BER is achieved because more noise is filtered out to favor the determination of bit 0. 

However, after DAC code is 13, the BER of excluding first two samples is worse than the 

other two. A possible reason for this phenomenon is that with 500ns for the duration of 

one symbol (data rate of 2 Mb/s) and the separation between each sample is 62.5 ns 

(sampling rate of 16 MHz), the position of 2nd sample might be off the 100ns transition 

zone. Consequently, if the 1st sample is not acquired within the initial 37.5 ns of a symbol, 

excluding the 2nd sample might reduce the peak voltage of the integration output when an 

actual bit 1 is received. A higher threshold voltage then possibly leads to the error of 

determining the received bit 1 as a bit 0, resulting in a higher BER. 

 

Fig. 16 Measured DPSK demodulated waveform with NSE scheme. 
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Fig. 17 BER of the DPSK receiver with NSE scheme versus different threshold voltage. 

 

Fig. 18 The test results of the 1:4 Demux functionality. Four transmission gates are turned on 
sequentially. 

The functionality of the 1:4 Demux was tested, as shown in Fig. 18. A current 

stimulation driver is set to produce a biphasic stimulus of 250 µA and load resistors of 40 

kΩ are placed at each 1:4 Demux output. It can be observed that transmission gates of the 

Demux are sequentially turned on to pass the stimulus from the driver 
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Fig. 19 Two examples of the visualization test of the 1024-channel SoC. 

to the load resistors as designed. 

A visual verification of the functionality of the SoC was also performed. We 

utilized the retinal testbed platform developed in our laboratory to perform real-time 

monitoring of the camera image and SoC recovered image through the display of a 

computer. To accommodate the 1024-channel stimulation array in this work, the 

resolution of the transmitted and recovered images are four times higher Fig. 19, 

compared with its predecessor in [31]. It can be seen that the camera–captured image of a 

hand holding a cell phone which display different characters (ICU and UCLA) can be 

clearly conveyed to the SoC with fine details. A comparison table of reported retinal 

stimulator with the proposed SoC is shown in Table I. The proposed SoC integrates the 

functionalities of data/power telemetry and high density stimulator while also meets a 

Luminance extracted 
and downscaled 

Camera captured 
raw image

Recovered image
At the outputs of 
SoC stimulator
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high output compliance voltage requirement for a retinal implant compared to other 

works.  

A critical issue for the retinal implant is the retinal neural damages due to thermal 

elevation. The temperature increase should be kept below 1 °C [3]. Based on the safe 

stimulation current limit of 3 mA, the over power consumption of a retinal implant can 

thus be estimated to be ~77.8 mW, where 36 mW is used by stimulation (3 mA under 12 

V), 19.8 mW is consumed by LV control and telemetry circuits, and 22 mW is the 

calculated loss from power telemetry. We envision that the implant will be placed inside 

the vitreous cavity which serves a heat sink for better heat dissipation. Thus, using the 

SoC, a temperature increase of the retina is projected to be ~0.62 °C based on [32], which 

is within the safe limit.  

Table 1 Comparison and Summary 

 [10] [11] [12] [13] [17] This work 
Stimulation 
Channel 15 8 1600 1024 † 512 1024 

Data Telemetry ASK(PW
M) ASK N/A Photodiode PSK DPSK 

Data Rate 25 to 714 
Kb/s 

2.083 
Mb/s N/A 968 Kb/s 20 Mb/s 2 Mb/s 

Power Rectifier Off-chip 
Diodes N/A On-chip 

Transistors 
Off-chip 
Diodes, HV 

On-chip 
transistor LV 

On-chip 
Transistors, 
HV 

Compliance 
Voltages ± 2.5 V 8 to 20 V ± 2 V ± 10 V ± 2.5 V ± 10 V 

Data Link BER (est.) 
10-2-10-5 N/A N/A N/A N/A 2×10-7 

Stim. Current 
Range 

30 µA to 
960 µA 

20 µA to 
1.24 mA Up to 100 µA 4 µA to 1 mA 50 µA (max) 3 to 500 µA 

Eq. No. of bits in 
DAC 5 bits 7 bits N/A 6 bits 4 bits 7 bits 

CMOS Process 5 V, 0.5 
µm 

20 V, 
0.35 µm 5 V, 0.35 µm 50 V, 0.35 µm 2.5 V,  65 

nm 32 V, 0.18 µm 

Pixel Size N/A N/A 70 x 70 µm2 500 x 470 µm2 
(4Ch/Pixel) 

260 x 260 
µm2 

303 x 337 µm2 
(4Ch/Pixel) 

Chip Size 2.3x .3mm
2 

4.9 x 4.9 
mm2 3 x 3.5 mm2 (est.) 8 x 8 

mm2 
3.1 x 4.5 
mm2 5.7 x 6.6 mm2 

SoC N/A N/A N/A N/A Y Y 
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3.2.1 In-vivo Power Link Test 

As explained in Section II, conventional dynamic substrate biasing technique is not 

applicable in the HV process. Once the substrate leakage emerges, not only the PCE of 

the power link is seriously degraded, but also the operation of the implant would fail. An 

in-vivo power-link experiment is conducted using a rat model. The purpose of this test is 

two-fold: 1) verifying the proposed start-up and substrate leakage prevention scheme, and 

2) testing the longevity of the implanted coil. An adult female Sprague Dawley rat (270-

300 g body weight) is used in the in-vivo experiment. All procedures comply with the 

National Institute of Health Guide for the Care and Use of Laboratory Animals and were 

approved by the Animal Research Committee at UCLA. Details of the pre- and post-

surgical animal care can be found in. The coil was completely coated with medical grade 

silicone (Sylgard 184, Dow Corning, Midland, MI) and cured in an oven at 120oC for 20 

mins. The litz wires were connected to stainless steel wires (AS632, Cooner Wire, 

Chatsworth, CA) and routed subcutaneously to a head mounted connector (Omnetics, 

Minneapolis, MN). The coil was placed subcutaneously in the back of the animal for 9 

weeks while the rat remained in healthy condition without infections and coil is intact. 

The setup of the in-vivo experiment is shown in Fig. 20. The external power coil 

is placed on top of the implanted receiver coil. Induced voltages of the receiver coil are 

taken from the headplug to power the multi-voltage power converter. In the first 

experiment, the HV rectifier is tested with conventional dynamic substrate biasing while 

its mixed-voltage controller is off. The mixed-voltage controller of the  
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Fig. 20 Experiment setup for in-vivo power link test. 

HV rectifier is enabled and the power transmitter was first tuned to be able to produce the 

results shown in Fig. 14 and then off. As shown in Fig. 21(a), after the primary power 

transmitter is on, Vcoil_HV, VrddH and VrssH are initially increasing. However, after Vcoil_HV 

is larger than VHVNW by Vdiode, Vcoil_HV drops immediately due to the emergence of 

substrate leakage current. The leakage current then charges the substrate to increase VSUB 

and causes the start- 

 

(a) 

Vcoil_HV

VrddH

VrssH

VHVNW

Primary power 
transmitter is on

Leakage current 
emerges 
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(b) 
Fig. 21 Measured waveform of the HV rectifier using conventional dynamic substrate biasing scheme 
during (a) start-up (b) steady-state. The start-up of the HV rectifier fails due to the substrate leakage 
current.  

up to fail. The steady state of the HV rectifier is shown in Fig. 21(b). The measurement 

results show |VrddH| and |VrssH| are limited to below ~1.7 V even with increasing 

transmitted power. As expected, the leakage current raises the VSUB and limits the 

magnitude of VCoil_HV, VrddH, and VrssH. Ripples at VrddH and VrssH are due to the charge 

transferring between the coil and CS1-S2. Note that with the presence of substrate leakage 

current, outputs of the power converter would never reach the desired values. In the 

following test, the mixed-voltage controller of the HV rectifier is enabled. As designated, 

with the proposed start-up scheme, all rectifier outputs can reach the designated level and 

leakage current can be prevented, as shown in Fig. 22. 

Table I compares and summarizes the performance of the proposed quad-voltage 

power telemetry with previously reported work. When 108 mW is delivered for HV 

stimulators and LV digital control and telemetry circuits of the implant (e.g., retinal 

prostheses including hundreds of stimulation channels or implant for high-density 

VSUB

VHVNW
Vcoil_HV

VrssH
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wireless neural recordings and stimulation), the quad-voltage rectifier achieves a high 

PCE of 82.8 %. More importantly, the proposed substrate leakage current prevention 

scheme has been proven effective in the HV process. A summary is shown in Table II. 

Table 2 compares and summarizes the performance of the proposed quad-voltage 

power telemetry with previously reported work. When 108 mW is delivered for HV 

stimulators and LV digital control and telemetry circuits of the implant (e.g., retinal 

prostheses including hundreds of stimulation channels or implant for high-density 

wireless neural recordings and stimulation), the quad-voltage rectifier achieves a high 

PCE of 82.8 %. More importantly, the proposed substrate leakage current prevention 

scheme has been proven effective in the HV process. A summary is shown in Table 3 

 

Fig. 22 Start-up with mixed-voltage gate controller on.
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Table 2 Performance Comparisons with Prior Arts 

 [33] [34] [35] [36] [37] [26] This work 

CMOS 
Technology 

.
35 µm 
LV 

0.8 µm HV 0.18 µm HV 
0.18 
µm 
LV 

0.35 µm 
LV 

0.5 µm 
LV 

0.18 µm 
HV 

Min. 
Length(µm) 0.35 0.8 0.18 0.18 0.35 05. 0.18/0.5/2 

Vth(V) ~0.8 ~0.65(LV) 
~1 (HV) N/A N/A N/A 0.75/0.9 

~0.6 (LV) 
1.2/1.5 
(HV) 

Vin, amp(V) 22.4 22.4 N/A ±4.5 1.5~4 1.46 3 (LV) 
14 (HV) 

Output Voltages 2.08 3.3V, 12V 1V, 1.8V, 
10V 3 1.18~3.52 2.4 ±1.8 

±12 

Load(mW) ~43.2 ~14.8 1.28 3 2.82~24.8 4.96 10(LV 
98.8(HV) 

fc(MHz) .
0.2~1.5 13.56 13.56 13.56 13.56 13.56 2 

VCErectifier(%) 86 60 N/A 66.6 79~88 82.2 82(LV) 
83.2(HV) 

PCErectifier(%) 82 NA N/A N/A 82.2~90.1 79 82~84 
*PCErec+regulator 
(%) NN/A 78.8@50mW 42@1.28m

W N/A N/A N/A ~77.3@108 
mW 

Arearectifier(mm2) 1.029 N/A N/A N/A 0.186 0.144 0.63 
Arearectifier+regulator 
(mm2) N/A N/A 5.76 N/A NA N/A ~4.3 

No. of DC 
Outputs 

 
1 2 3 1 1 1 4 

Single chip Y N/A Y Y Y     Y Y 
 

Table 3 Summary of Substrate Leakage Current Prevention Scheme 

 Conventional Methods This work 

Substrate leakage 
current prevention 
scheme 

Dynamic substrate biasing 
 Mixed-voltage gate controller 

Operating 
condition 

VTH of transistors <PN-junction’s 
turn-on voltage (Vdiode) 

VTH >  Vdiode 

Effectiveness in 
HV process   NA Y 
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3.2.2 In-vitro test 

The principle of the epi-retinal prostheses to re-store the vision is that spatial 

patterns of electrical stimuli that convey visual information can activate the remaining 

retinal cells to create a topographically mapped visual perception. In epi-retinal 

prostheses, an electrode array is placed inside the eyeball where its cavity is filled with 

conductive and gel-like vitreous humor. The electrical stimulus sent from the electrode 

can thus pass to the retinal tissue via vitreous humor even without a direct contact with 

the retinal tissue. However, stimulus from one stimulating electrode also spreads and 

couples to its adjacent area through the conductive vitreous humor. Simultaneous 

stimulation from two or multiple adjacent electrodes may induce cross-talks, lowering the 

resolution of multi-site stimulation. 

    In order to study the spatial pattern of electrical stimulus generated by our SoC 

and optimize the stimulation waveform, we conduct experiments in our artificial 

biomedical environment setup. An artificial vitreous humor made of agus, hyaluronic 

acid salt (Sigma-Aldrich, MO, USA), and deionized water is used to mimic the vitreous 

humor [38]. The system setup is shown in Fig. 23(a). The SoC’s stimulator outputs are 

connected to a 4 × 4 Pt hand-made micro-wire electrode array. The diameter of each 

electrode is ~200 µm with a spacing of 300 µm. The SoC is powered wirelessly and the 

stimulator parameters are specified in a computer. Above the stimulation electrode array, 

a recording electrode (MF-2005, BASi, IN, USA) is used to measure the electrical 

potential during stimulation. A XYZ translation stage (Thorlabs inc., NJ, USA) is used to 

set the position of the recording electrode. Scanning steps of 25 um in both X and Y 

direction is adopted to move the recording electrode continuously and to capture the 
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electrical potential at different positions. The separation between the recording electrode 

and the stimulation electrode array is adjusted to ~20 µm to mimic the separation 

between implanted electrodes and the retina tissue [39]. A ground wire is placed inside 

the vitreous humor, 1.5 cm away from the stimulation electrode array. A NI DAQ card 

(National Instrument, USB-6259, TX, USA) is used to measure the potential during 

stimulation at different positions of the recording electrode. A custom-designed graphic 

user interface (GUI) based on Labview is designed for motor control and data acquisition. 

In one experiment, three adjacent electrodes are configured to send current stimuli 

to the artificial vitreous humor. The electrode configurations and measured topographical 

electrical potential map is shown in Fig. 23(b). In the first test, electrode #1 and #9 are 

both energized simultaneously with two 33 µA, 1 ms pulse width, cathodic-first biphasic 

current stimuli while all other electrodes are silent. The absolute value of the induced 

negative peak electrical potential is recorded. As shown in the recorded potential map 

(top row of Fig. 23(b)), it is difficult to distinguish these two independent electrical 

sources, reflecting a poor resolution in epi-retinal prostheses. In order to improve the 

resolution, in the second experiment, a 33 µA anodic-first biphasic current stimulus with 

1 ms pulse width is sent to electrode #5, keeping the set-up on electrode #1 and #9 the 

same. It can be observed that the stimulation using electrode #5 with reverse polarity 

greatly improved the resolution, as shown  
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(a) 

 

(b) 
Fig. 23(a) The setup of the in-vitro test to perform current stimulation in a chamber filled with 
artificial vitreous humor (b) left panel is the electrode configuration and stimuli parameters; middle 
panel and right panel are the bird view and sagittal view of the measured topographic electrical 
potential map, respectively; the scanning range of the recording electrode is 4 mm by 3.7 mm in x-y 
plane while the recorded signal amplitude is shown in both color code and height in the Z-axis. 

1 5 9 13

2 6 10 14

3 7 11 15

4 8 12 16

200 µm

±33 µA, 1ms pulse width

4×4 Electrode array

300 µm

1 5 9 13

2 6 10 14

3 7 11 15

4 8 12 16

200 µm

±33 µA, 1ms pulse width

4×4 Electrode array

300 µm

Stimulation with electrode #1 and #9 with same stimulus parameters

Stimulation with electrode #1 and #9 with same stimulus parameters , 
but reverse polarity in electrode #5 

9-13 mm

3-
7 

m
m



 43 

in the bottom row of Fig. 23(b). The original two cathodic-first current sources can now 

be distinguished with a clear separation.  

The improved resolution can also be inferred using the activation function of the 

axon in which the 2nd spatial derivative of the extracellular potential voltage induced by a 

cathodic-first current stimulus activates the neuron [40]. For a cathodic-first stimulus, the 

peak of the 2nd spatial derivative of a induced extracellular potential is also at the top of 

its extracellular potential. Thus, two peaks of 2nd spatial derivative of the extracellular 

potential also appear at the two potential peaks with cathodic-first stimuli in our 

experiments. Note that the measured potential in the 2nd experiment is smaller than the 1st 

one. This might be due to the use of stimulus with reverse polarity on electrode #5 such 

that the charge from electrode #1 and #9 is perhaps partially neutralized. This set-up and 

experiment enables us to study and investigate the temporal and spatial parameters of 

stimulation waveforms, thus improving the effectiveness and resolution of neural 

stimulation. Our SoC supports a wide range of current amplitude, pulse width, inter-

phasic delay, refresh rate and enables the researchers to obtain the optimal stimulation 

parameters. 
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Chapter 4  

Versatile Multi-channel Neural Stimulator  

4.1 INTRODUCTION 

Over the past few decades, functional electrical stimulation (FES) has shown its 

effectiveness in the field of neuroprostheses and neuromodulation [25]. The delivered 

charge elicits or inhibits the neural activities by generating or suppressing action 

potentials. One well-know example of FES is retinal implants. Blind people due to retinal 

pigmentosa (RP) and aged-related macura (AMD) can partially recover their lost vision 

by delivering electric charge to activate the intact neural circuitry of the retina [1]. 

External electrical stimulators (EES) have also been widely used for functional mapping 

or as a therapeutic treatment [41]. Before a brain resection surgery is performed to 

remove tumor or intractable epilepsy, electrocortical stimulation (ECS) is applied to find 

the maximal pathological brain tissue and localize the functional areas of the cortex 

through an external stimulator. FES also opens a great opportunity in restoring functions 

after paralysis, where there is an estimated population of 1.2 million people living with 

paralysis due to spinal cord injuries in the U.S. [42]. Providing electrical stimulus with 

different waveforms to the spinal neural networks along with proprioceptive feedback 

can trigger non-patterned or patterned locomotor-like movements. [21] has shown with 

epidural electrical stimulation provided to the lumbosacral pattern generation circuitry of 

spinal cord transected rats or cats can produce alternating electromyographic (EMG) 

activities in groups of antagonistic muscles. Epidural spinal cord electrical stimulation 
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has also shown its potential in partially restoring motor function of a completely 

paralyzed human subject [43].  The subject was able to perform full-weight bearing and 

had some voluntary controls of body movements when stimulator is on. 

However, there are limitations to the modern electrical stimulators. Clinical ECS 

usually uses the Grass stimulator (Grass Technology, RI) to send simple bipolar stimulus 

to excite the neurons while a fully configurable spatial-temporal stimulus patterns is not 

available. On the other hand, versatility is another challenge to be considered. 

Commercial implantable stimulators, such as retinal and cochlear implants and SCS [19, 

41], are designed for their specific applications with limited programmability. This 

somehow confines its exercise in different fields. It is also notable that most of the 

commercial experimental stimulators (PlexStim, Plexon Inc., Dallas, TX; IZ2, TDT 

Technology, Alschua, FL; SGT4000,Multichannel System, Reutlingen, German; 

CereStim Switch, Blackrock Microsystems, Salt Lake City, UT) now support high 

programmability, allowing users to configure each individual stimulation channel. 

Nonetheless, these stimulators might not be versatile for various applications. For 

instance, a general-purpose 8-channel stimulator (SGT4000) can output maximal ±1.6 

mA current stimuli, but it might not be suitable for ECS mapping which needs up-to 

current stimulus of 16 mA [44]. Equally important, the charge-balancing feature has not 

been reported in the above commercial stimulators. The accumulated residual charge at 

the electrode might possibly create neural damage due to the excessive generation of 

toxic byproducts from electrochemical reaction, pH changes, gas formation, and 

electrode dissolution [45].  A versatile multichannel stimulator with high 

programmability and charging balancing is, thus, of paramount importance.   
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Knowing the bio-impedance at the electrode-electrolyte/tissue interface is also of 

paramount importance in biomedical applications [46-49]. Knowledge of the impedance 

can also be utilized to evaluate the reliability of the electrode and the proximity between 

electrodes and targeted tissue. For neural stimulator implanted in living tissue, measuring 

electrode impedance is essential to ensure an effective and safe stimulus is delivered 

since tissue is chemically reactive to electrode metal [50]. Moreover, charge-balanced 

current stimulus has been widely used to prevent electrode and tissue damage, but most 

stimulator systems have less focus on keeping the electrode overpotential within its water 

window during stimulation. Thus, it is of significant benefit to understand the impedance 

of electrode-electrolyte interface that can be schematically represented by an equivalent 

electrical circuit. If the circuit parameters are known, we can determine the limit of 

stimulus intensity and pulse width in order not to exceed the water window of the 

electrode underuse and the compliance voltage of the stimulator.  

In this work, we present a versatile multi-channel stimulator system based on the 

retinal SoC developed in our laboratory [16]. This SoC is capable of producing constant 

current monophasic/biphasic square pulse, pulse train, and pseudo-sinusoidal stimulus, 

individually configurable on each channel. An integrated charge balancing circuit is 

further implemented in each stimulator driver to discharge the accumulated charge. To 

estimate the electro-electrolyte impedance, we propose an novel technique to derive the 

double layer capacitance, Faradic charge transfer resistance, and the tissue resistance of 

the electrode-electrolyte interface by hinging on a biphasic current stimulus and 

analyzing the transient characteristics of the evoked voltage on the electrode through 

large signal analysis. A bench-top was performed to characterize the stimulator and the 
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proposed impedance measurement technique. In our in-vivo tests, the proposed stimulator 

system was used to facilitate the motor function recovery of a spinal rat.  

4.2 STIMULATOR IMPLEMENTATION 

The multi-channel stimulator system consists of two compartments: hardware of 

the stimulator and software to configure stimulation patterns by users.  

4.2.1 Hardware  

Fig. 24 shows the block diagram of the proposed multi-channel stimulator 

prototype. The core of this prototype is a highly integrated multi-channel stimulator chip 

[16]. The chip incorporates 1) a global digital controller (GDC) to retrieve the command 

signals from a personal computer, 2), a local digital controller (LDC) to translate the 

command signal to stimulus parameters for each stimulation driver, 3) independently-

controllable high-compliance voltage (±12 V) stimulator driver to generate patterned 

biphasic/monophasic current stimulus, and 4) a charge cancellation switch which shorts 

the stimulation electrode to ground for charge neutrality at each stimulation driver. In the 

stimulator system, a switching power supply (SRP-30A-4003, TRC electronics Inc., 

Montgomeryville, PA) is adopted to convert the 110V AC power into ±12 V and ±5 V. 

Two regulators  (LT1964, Linear Technology, Milpitas, CA and MCP1700, Microchip, 

Chandler, AR) are used to generate ±1.8 V to power the controller circuitries of the 

stimulator chip. A FPGA (Opal Kelly XEM3005, Portland, OR) takes the command 

signal from a personal computer through USB and translate the command into the 19-bit 

format the chip can recognize and at the same time provides the clock signal for the chip 

to operate. A trigger signal is designated and used to signify when there is a stimulus 
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such that users can synchronize the stimulator with their other devices or recording 

system easily.  A summary of the capability of the stimulator IC is illustrated in Table 4. 

 
Fig. 24 Block diagram of the versatile multi-channel stimulator prototype 

Table 4 User Programmable Stimulator Parameters  

Individual programmable stimulation 
parameters in each Ch. 

Anodic current intensity 3 µA to 500 µA 
Cathodic current intensity −3µA to −500 uA 

Anodic pulse width 10 µs (minimal) 
Cathodic pulse midth 10 µs (minimal) 
Pulse repetition rate Up to 20k Hz 

Interpahse delay 10 µs (minimal) 
Stimulus polarity Cathodic or anodic first 

Charge Cancellation On or off selection 

4.2.2 Software 

A graphic user interface (GUI) designed in C-sharp (Microsoft, Seattle, WA) is 

developed to allow users to operate the stimulator system with ease. The stimulation 

software control panel is shown in Fig. 25.  The left of the control panel is for the global 

setting applying to all channels while the right half of the panel is designed to set the 

stimulus parameters of each individual channel. In the former, users first determine the 
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number of stimulation pulses or choose continuous stimulation that outputs stimulus 

pulse train continuously. After that, a group of parameters must be configured to provide 

a boundary for the stimulation parameters for safety concern. Later, users can 

independently select the channel of interests and set its stimulus parameters. An example 

of configurable stimulus parameters is shown in Fig. 26. Users can also choose different 

starting delay and  

 

 
Fig. 25 The software control panel of the stimulator  
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Fig. 26  Configurable stimulus parameters. 

polarity of stimulus for each channel based on different experimental requirements. 

Moreover, it is imperative to maintain a zero net residual charge at the stimulation site in 

order not to kill or damage neuron. Users can enable the charge cancellation function via 

this GUI interface. Once enabled, selected stimulator output would be connected to 

ground for discharge at the end of each stimulus pulse. After configuring all channels, 

users can save this configuration as text file and load it for future use. 

4.3 ANIMAL PREPARATION 

Data were obtained from adult female Sprauge Dawley rats (270-300g body 

weight). Pre and post surgical animal care procedures have been described in detail 

previously [21]. The rats were housed individually with food and water provided ad 

libitum. All survival surgical procedures were conducted under aseptic conditions with 

the rats deeply anesthetized with isoflurane gas administered via facemask as needed. All 
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procedures described below are in accordance with the National Institute of Health Guide 

for the Care and Use of Laboratory Animals and were approved by the Animal Research 

Committee at UCLA. 

4.3.1 Head Connector and intramuscular EMG electrode implantation 

A small incision was made at the midline of the skull. The muscle and fascia were 

retracted laterally, small groves were made in the skull with a scalpel, and the skull was 

dried thoroughly. An amphenol head connector with Teflon coated stainless steel wires 

(AS632, Cooner wire, Chatsworth CA) were securely attached to the skull with screws 

and dental cement. Selected hindlimb muscles i.e. the tibialis anterior (TA) and soleus 

(sol), were implated bilaterally with intramuscular EMG recording electrodes as 

described by [21]. Skin and fascial incision were made to expose the belly of each muscle. 

Two wires extending from the skull-mounted connector were routed subcutaneously to 

each muscle. Two wires are inserted into the muscle belly using a 23-gauge needle and a 

small notch (~0.5-1mm) was removed from the insulation of each wire to expose the 

conductor and from the electrodes. The wires were secured in the belly of each muscle 

via a suture on the wire at its entrance into and exit from the muscle belly. The proper 

placement of the electrodes was verified during the surgery and post-mortem via 

dissection. 

4.3.2 Animal preparation and post surgical animal care procedures 

A partial laminectomy was performed at the T8-T9 vertebral level and a 

longitudinal cut was made in the dura to expose the spinal cord. A complete spinal cord 

transection to include the dura was performed at approximately the T8 spinal level using 

microscissors. Two surgeons verified the completeness of the transection by lifting the 
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cut ends of the spinal cord and passing a glass probe through the lesion site. Gel foam 

was inserted into the gap created by the transection as a coagulant and to separate the cut 

ends of the spinal cord. For epidural electrode implantation, partial laminectomies were 

performed to expose the spinal cord at spinal levels L2 and S1. Two Teflon-coated 

stainless steel wires from the head connector were passed under the spinous processes 

and above the dura mater of the remaining vertebrae between the partial laminectomy 

sites. After removing a small portion (~1 mm notch) of the Teflon coating and exposing 

the conductor on the surface facing the spinal cord, the electrodes were sutured to the 

dura mater at the midline of the spinal cord above and below the electrode sites using 8.0 

Ethilon suture (Ethicon, New Brunswick, NJ). Two common ground (indifferent EMG 

and stimulation grounds) wires (~1 cm of the Teflon removed distally) were inserted 

subcutaneously in the mid-back region. All wires (for both EMG and epidural stimulation) 

were coiled in the back region to provide stress relief. All incision areas were irrigated 

liberally with warm, sterile saline. All surgical sites were closed in layers using 5.0 

Vicryl (Ethicon, New Brunswick, NJ) for all muscle and connective tissue layers and for 

the skin incisions in the hindlimbs and 5.0 Ethilon for the back skin incision. All closed 

incision sites were cleansed thoroughly with saline solution. Analgesia was provided by 

buprenex (0.5–1.0 mg/kg, s.c. 3 times/day). The analgesics were initiated before 

completion of the surgery and continued for a minimum of 2 days. The rats were allowed 

to fully recover from anesthesia in an incubator. The rats were housed individually in 

cages that had ample CareFresh bedding, and the bladders of the spinal rats were 

expressed manually 3 times daily for the first 2 weeks after surgery and 2 times daily 

thereafter. The hindlimbs of the spinal rats were moved passively through a full range of 
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motion once per day to maintain joint mobility. All of these procedures have been 

described in detail previously [51]. 

4.4 ELECTRODE IMPEDANCE CHARACTERIZATION TECHNIQUE 

A simple approach adopted to estimate bio-impedance is based on the injection of 

a small sinusoidal current with a fixed frequency and the measurement of the evoked 

voltage at the electrode. However, this only can provide the information of the impedance 

at a given frequency but the equivalent circuits model is still not available [47]. On the 

other hand, Electrochemical Impedance Spectroscopy (EIS) has been widely used to 

derive electrode-electrolyte impedance. EIS is based on the pseudo-linearity 

characteristic of the electrode and requires a small AC potential (typically 10 mV) to 

excite the electrochemical cell. Nonetheless, the electrode-electrolyte/tissue impedance is 

not linear [46]. Doubling the excitation voltage might not necessarily double the current 

as expected, while stimulation usually evokes a large transient voltage at the electrode. 

Thus, EIS and other methods based on small signal analysis might not be the best 

approach for the impedance measurement of stimulation electrode. Economic wise, a 

high hardware cost and complexity is further required when integrating EIS into a neural 

stimulator.  

Bio-impedance measurement based on voltage/current pulse excitation has been 

proposed to infer the parameters of a three-element Randles cell [49, 52, 53]. [49] 

proposed to inject a current stimulus into the electrode and measure the resulting voltage, 

but only the electrode-tissue resistance can be derived. A sophisticated computation to 

estimate the impedance is also presented in [52], but complex computation impedes it 

from being incorporated into implantable stimulators. On the other hand, despite the 
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method used in [53], which is capable of acquiring all parameters of a Randle cell, one of 

its prerequisites is to deliver an stimulus with infinite pulse width to the electrode. 

Nonetheless, a stimulus with infinite pulse width is less likely achievable and it would 

cause electrode overpotential higher than its water window.  

In this section, we present an efficient bio-impedance measuring technique based 

on the excitation using a biphasic current pulse with inter-pulse delay from our stimulator 

prototype. 

4.4.1 Voltage Transient on Electrodes 

Electrical charge is delivered from the electrode through two main mechanisms: 

capacitive charge-injection and faradic charge injection. A simple three-element Randles 

cell electrode-electrolyte model consisting of a charge transfer resistance RCT, a double 

layer capacitance Cdl, and a tissue-solution resistance RS, is herein adopted since both 

mechanisms are incorporated [54]. Fig. 27 shows the Randels cell electrode model and 

the waveform of the electrode transient voltage when a step current stimulus with 

intensity of I0, pulse width of tcatho is injected. Using Laplace transform, impedance of the 

electrode model and the cathodic stimulus is expressed as RCT/(1+sRCTCdl) and 𝐼0 𝑠⁄ , 

respectively. The resulting voltage can be derived by taking inverse Laplace transform of 

the product of the impedance-stimulus.  

    𝑉𝑒 = (𝐼0 × 𝑅𝑆 + 𝐼0 × 𝑅𝐶𝑇(1 − 𝑒
−𝑡

𝑅𝐶𝑇 ×𝐶𝑑𝑙))𝑢(𝑡)                                                            

(2) 

I0RS in (2) is the transient voltage increase when the instantaneous current flowing 

through RS. This voltage can be measured immediately after the stimulus is fired for the 

estimation of RS. The second term in (2) results from the stimulus current which charges 
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Cdl. As pulse-width increases, this voltage drop approaches I0RCT and  

reaches a plateau. After the stimulus is finished, charge stored in Cdl is discharged 

through the resistive paths and the resulting voltage on the electrode gradually diminishes. 

It can be inferred from (2) that a stimulus with sufficiently long pulse-width can drive the 

subsequent voltage increase of the electrode overpotential to approach I0RCT and to allow 

a quick derivation of the RCT. However, this might also drive the electrode overpotential 

over the range of its water window, causing electrode or tissue damage. Note that once 

RCT is unavailable, Cdl cannot be estimated based on (2). 

4.4.2 The Proposed Method 

By carefully investigating the transient electrode voltage shown in Fig. 27, it can 

be found that after the initial electrode voltage increment of I0RS, there is a short period 

of time in which the electrode voltage is linearly increasing (ΔV in Fig. 27). This linear 

voltage increase is due to the pure capacitive current charging Cdl and its value depends 

on the rate of potential change. Based on charge reservation, the voltage increment during 

this period can be expressed as  

Δ𝑉 = 𝐼0 × 𝑡
𝐶𝑑𝑙�                                  (3) 

Once the electrode overpotential further increases, Faradic current through RCT 

starts to conduct a relatively large portion of the injected current from the stimulator, 

causing a non-linear increment of the electrode overpotential. Based on  
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Fig. 27 Randles cell circuit model and the transient voltage on an electrode based on Randles cell. 

this electrode characteristic, we proposed to use a low-intensity, short–period biphasic 

current stimulus with a deliberately inserted inter-pulse delay (Fig. 28). Utilization a 

small and short stimulus can minimize the fraction of Faradic current, allowing the 

estimation of Cdl performed by simply measuring the resulting electrode voltage at the 

end of the leading pulse (shown as V1 in Fig. 28). Subsequently, during inter-pulse delay 

tinterpulse, the charge stored in Cdl is passively discharged and the resulting electrode 

potential Ve is 

                              𝑉𝑒 = (𝑉1 − 𝐼0𝑅𝑆)(𝑒
−𝑡

𝑅𝐶𝑇 ×𝐶𝑑𝑙)                    (4) 

RCT can thus be derived as  

          𝑅𝐶𝑇 = −𝑡𝑖𝑛𝑡𝑒𝑟𝑝𝑢𝑙𝑠𝑒 (𝐶𝑑𝑙⁄ ln (𝑉𝑒 (𝑉1 −⁄ 𝐼0𝑅𝑆)              (5) 
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Fig. 28 The proposed biphasic stimulus with inter-pulse delay for impedance measurement and the 
expected resulting electrode voltage. 

 Insertion of the inter-pulse delay provides a controlled discharge time and a 

known timing to sample the electrode potential Once the electrode voltage is acquired at 

the end of the inter-pulse period (shown as V2 in Fig. 28), RCT can be acquired. Finally, a 

compensating pulse is applied to maintain charge balance. Otherwise, accumulated 

residual charge might results in a DC offset at the electrode and the DC offset might 

affect the Faradic process, i.e. affecting RCT, when frequent monitoring of the electrode 

impedance is performed. 

4.5 EXPERIMENTAL RESULTS AND DISCUSSION 

Bench-top test, in-vitro, and in-vivo test were performed to validate the proposed 

stimulator system and the bio-impedance characterization technique.  In the bench-top 

test, the stimulator outputs were connected to resistors to demonstrate the flexibility of 
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the stimulator while resistors are used to simply emulate the bio-impedance. In the in-

vitro test, we characterized a platinum electrode array designed and fabricated in our 

laboratory though an impedance analyzer (HP 4194A) and the proposed measuring 

technique. Finally, in the in-vivo test, the rat with electrodes implanted was placed on a 

treadmill.  Different stimulus parameters are then utilized to stimulate the rat’s spinal 

cord in order to restore its walking and standing capability. The stimulation site is the L2 

and S1 spinal segment of the rat. Spinal cord between these two segments is generally 

thought to be the location where center pattern generator exists. At the same time its 

EMG responses from its leg muscles (extensor and flexor muscle) were recorded and 

analyzed.  

4.5.1 Bench-top test 

The proposed multi-channel stimulator is shown in Fig. 29. It physical dimension 

is 10 cm × 20 cm × 4 cm with a weight of 1 lbs. The chip was flip-chip bonded on a glass 

substrate in order to access all 256-channel stimulation outputs. Each output ts connected 

to a .1 inch header for external access. In the bench-top test, we first connected the 

stimulator outputs to resistors of 10 kΩ.  Stimulus of five single pulses and pulse train 

were first tested with the stimuli parameters of 100 μA, cathodic first, 1 ms pulse width, 0 

ms interpulse delay (Fig. 30(a)). In Fig. 30(b), four channels were assigned different 

stimulus patterns to test the programmability of the stimulator. Each channel was 

configured with different start delays and starting polarity of the stimulus. Pseudo 

sinusoidal stimulus are also supported by our stimulator(Fig. 31).   
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Fig. 29 Prototype of the multi-channel stimulator.  

 

 

 

(a) 
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(b) 
Fig. 30 Output waveforms of the stimulator. 

4.5.2 In-vitro impedance characterization 

The proposed bio-impedance characterization technique is targeted at the application of 

neural stimulators that deliver electric charge to activate the neurons and necessitate the 

information of impedance at the electrode-electrolyte/tissue interface. In the experiment, 

the stimulator was used to generate bi-phasic current stimulus with inter-pulse delay. A 

microcontroller (PIF16F887, Microchip Tech. Inc., AR) was adopted to acquire the 

transient electrode voltage using its built-in 10-bit ADC. The ADC was set to sample 

only electrode voltages at three points (V0, V1, V2 as shown in Fig. 28). Sampling 

operation of the microcontroller was triggered by synchronization signal from the SoC, in 

which the synchronization signal was implemented using an unused stimulation channel. 

An oscilloscope was also used to monitor the evoked potential during stimulation. In 

order to validate the proposed impedance measurement method, two verification 

experiments were conducted. In the first experiment, the proposed method was applied 

onto an emulated Randles cell made of discrete components with known values. In the 
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second experiment, we evaluate the impedance of a custom-made electrode developed in 

our lab.  The stimulation electrodes and an Ag-AgCl reference electrode (P-BMP-1, ALA 

scientific  

Fig. 31 Pseudo-sinusoidal stimulus 

instruments, NY) were dipped into a phosphate buffered saline (PBS) solution 

(concentration of 0.9% sodium chloride). Meanwhile, the impedance of the electrode was 

also measured using the same set-up through an impedance analyzer (HP 4194A) for 

verification and comparison. 

The values of each discrete component of the emulated Randles cell (RCT, RCT, 

Cdl) are 100 kΩ, 10 kΩ, and 30 nF, respectively. We applied biphasic stimuli with 

intensity of 10 μA and 100 μA, pulse width of 1ms, and inter-pulse delay of 1 ms to this 

circuit model and measured the demanded resulting voltages. The measured waveform of 

two respective resulting electrode voltages and the estimated component value is shown 

in Fig. 32. It can be seen that using small stimulus current results in a more accurate 

results, while using large stimulus leads to a larger discrepancy compared to the nominal 
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values of RCT and Cdl as expected. There is also a slight inconsistency in the estimation of 

RS. This is possibly due to the non-linearity of the stimulator output current. 

 

Fig. 32 Measured resulting voltage using lumped-circuit model. 

We further validated the proposed technique by measuring the impedance of a 3 × 

9 platinum electrode array made on a flexible polyimide substrate (Fig. 33). An 

Omnectics Connector (A79026-001, Omnectics connectors Corp., NM) was used to  

connect the electrode to the stimulator output. Each single electrode has an area of ~200 

μm × 500 μm with 40 exposed circular regions (Fig. 33(a)). Detail of the electrode 

fabrication can be found in [55]. Fig. 33b is the measurement electrode impedance using 

HP 4194A. The averaged impedance and phase of the large and small grid electrode are 

2.35±0.21 KΩ and 2.10±0.11 KΩ, -34.25±8.07° and -27.71±8.27° at 1K Hz with 10 mV 

input level, respectively (Tested electrode number = 27 for each type of the electrode). 

Reading the electrode impedance at high frequency can derive the tissue/electrode 

resistance since at high frequency capacitance can be viewed as a short circuit. Thus, the 

measured impedance only accounts for RS. On the other hand, the Faradic resistance can 
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be read at very low frequency (near DC) because the Cdl presents very large impedance 

that is connected with RCT in parallel.   Measured impedance at near DC frequency is 

therefore RCT+RS. Rs can be determined as the impedance at very high frequency. 

However, due to the limitation of the impedance analyzer that the minimum sweeping 

frequency is 100 Hz it is less likely to read the value of RCT directly. However, it is 

possible to derived RCT and Cdl by measuring the frequency for the zero of the electrode 

impedance presented in Laplace domain. The zero is 𝑍𝑒𝑟𝑜 = 1/(2𝜋𝑅𝐶𝑇||𝑅𝑠) . 

Consequently, RS, RCT, and Cdl of the electrode were first characterized and extrapolated 

as ~1.8 kΩ, ~15 kΩ, and ~176 nF. 

 
(a) 
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(b) 

Fig. 33 The pictures of the 3 × 9 platinum/polyimide electrode array. 

 

Fig. 34. Measured parameters of the plantium electrode. Top inset: fixed stimulus intensity of 10 μA 
and inter-pulse delay of 1 ms; bottom inset: fixed pulse width of 1 ms and inter-pulse delay of 1ms. 
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Subsequently, biphasic stimulus was injected into the electrode. Fig. 34 shows the 

estimated circuit parameters of the electrode based on varied stimulus pulse width and 

stimulus intensity, respectively. It can be seen that the estimated RS value is in the range 

of 1.9~2.0 kΩ, close to the results from HP 4194A. However, as stimulus pulse width and 

intensity increases, more charge is delivered to the electrode and escalate the electrode 

overpotential. Therefore, Faradic current gradually increase and it affects the estimation 

of Cdl and RCT, based on (3) and (5). The result and observation imply that using a small 

stimulus current is preferred in order to more accurately estimate parameters of the 

equivalent circuits model of the electrode. It should also be noted that there is deviation 

in our measured RCT and Cdl, compared with results from HP 4191A. This can be due to 

the fact that we are performing large signal analysis, instead of dealing with small signals. 

Platinum electrode is known to have a pseudo-capacity. However, for capacitive 

electrodes, such as titanium nitride, the proposed method can also be applied to estimate 

Cdl and RS. Also, unlike other impedance measurement approaches used in implantable 

neural stimulator, the proposed method can yield both Cdl and RCT, instead of RS only. 

With the knowledge of Cdl and RCT, an upper safe bound of the stimulus parameters can 

be set to ensure the electrode overpotential does not exceed its water window. 

4.5.3 In-vivo experiment on spinal rat 

A laminectomy is performed at the T8-T9 vertebral level of the rat. Two 

stimulation electrodes are placed in the Lumbar 2 (L2) and Sacral 1 (S1) sections of the 

rat’s spinal cord. Four EMG electrodes are implanted in both right and left tibialis 

anterior (TA) and soleus (SOL) muscles of the hindlimbs of the rat, as shown in Fig. 35.  

SOL muscle is the extensor muscle and TA muscle is the flexor muscle. In the 
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experiment, the rat is placing on a treadmill with partial weight support (Fig. 35). 

Electrode at L2 is connected to one of the stimulator outputs while electrode at S1 is used 

as a ground/return electrode. Note that the white dots on the rat’s body are reflective 

markers to track the movement of the rat for kinematic analysis purpose.  

 

Fig. 35 Illustration of the position of stimulation electrodes and experiment setup. 

The purpose of this in-vivo experiment is two-fold. First of all, we would like to 

validate the effectiveness of the stimulator while the second purpose is evaluating the 

response of the rat to biphasic current stimuli during stepping standing. In the first 

experiment, we stimulate the rats with two different parameters (case I and II in Fig. 36). 

In case I, a biphasic cathodic-first current stimulus of 40 Hz pulse repetition rate, 0.25 ms 

pulse-width, and  ±500 μA current intensity is applied to collect the EMG responses. The 

measured EMG waveform is shown in the bottom of Fig. 36(Case I). The bottom trace is 

the indicator for the onset of current stimulus. Every time a stimulus is fired, a response is 
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observed at a corresponding muscle. It is worth-noting that the LSOL muscle of the rat 

has largest EMG response compared with all others. These recorded results indicate the 

rat is standing in response to the stimulation and mostly use his left hindlimb (extensor 

muscle is activating strongly). The responses of TA and SOL muscles do not fire 

sequentially (ex: stepping) indicate it is not moving both of its hindlimbs. In case II, the 

intensity and pulse width is changed to ±300 μA and 0.5 ms, respectively. It can be 

observed that there is a sequential firing of RTA and RSOL, indicating the rat is stepping 

using his right hindlimb. Note the LSOL muscle has larger EMG amplitude than the 

RSOL. The position of the stimulation electrodes is probably closer to the left side of the 

spinal cord.  

Fig. 37 is the measured average EMG responses from 10 consecutive steps after 

rectifying and low-pass filtering. The stimulus pulse is varied from 0.125 ms to 0.5 ms 

and we are stimulating between L2 and S1 spinal segment. It can been seen 

 

Fig. 36 The measured EMG responses from a spinal cord transected rat using different stimuli 
parameters.  
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that different activation patterns of TA and Sol muscles at different pulse width. Since 

this is an EMG waveform for stepping, TA and Sol muscle would not fire simultaneously. 

The pattern of activation in the soleus is probably due to difference in tuning of the spinal 

cord by varying the pulse widths used suggesting the importance of multisite stimulation 

with flexible parameters to accommodate these different patterns. On the hand, it is also 

possible that with longer pulse width, more charge is delivered into the spinal cord to 

active more neurons such that the EMG response is stronger.  

Fig. 38 shows the measured EMG of TA and Sol muscles during standing when 

stimulation is applied at L2 and S1 with varying pulse width and intensity while the rats 

are suspended with their feet touching the treadmill surface. The selective activation in 

the Sol muscle at specific pulse widths suggests an increase in weight bearing in the 

animals thus resulting in improvement in posture and greater levels of standing.  

We have validated the effectiveness of the proposed stimulator system in the 

regaining of motor function of paralyzed rats. In order to fully utilize the versatility, high 

number of stimulation channel, and complexity, plasticity of spinal networks, the 3 × 9 

electrode array shown in Fig. 33 will be used in our future experiments. Our ultimate goal 

is to realize a multi-channel implantable spinal cord implant with wireless power/data 

telemetry for paralyzed patients to regain their motor function. 

 
Fig. 37 The rectified and filtered average EMG response (10 consecutive stepping) from TA (angle 
flexor) and Sol (angle extensor) muscles. 
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(a) 

 

(b) 

Fig. 38 EMG response during standing with pulsewidth of (a) 0.125 ms (b) 0.5 ms under varying 
stimulus intensity. 

4.5.4 In-vivo experiment on denervated intestine of a rat  

 An in-vivo experiment was conducted by applying stimulus to the denervated 

intestine of a rat. We were performing a pioneering research to seek the possibility of 

using electrical stimulation to trigger the contraction of the colon without the existence of 

autonomic nerves. A disposable EMG needle electrode (Nicolet Biomedical Inc., 

Madison, WI) was used for charge delivery. Under the stimulus of 1 mA, 2 ms pulse 
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width and 10Hz pulse frequency, we observed a strong contraction (unpublished data). 

The intensity of the current used is much smaller compared to the published work that 

stimulates intestines with nerves alive and use tens of mA current [56]. The reason 

behind this observation is still under investigation. Our versatile stimulator supports a 

wide range of stimulus parameters, and more works are to be done in the near future in 

order to identify the optimal design parameter for an intestine implant that can induce 

peristalsis effectively. 
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Chapter 5  

Conclusion and Future Work 

A 1024 channel high-compliance voltage SoC for epi-retinal and neural 

prostheses was designed and implemented. The SoC includes the required functions for 

implant purpose, such as power telemetry, data telemetry, function and protocol control, 

and stimulation driver array. The proposed SoC has been fully characterized, validated 

and tested in both bench-top test and in-vivo/in-vitro experiments. A retinal implant with 

high-density electrode array could be realized using this SoC with available hermetic 

packages. Our in-vitro set-up further enables us to investigate and optimize the various 

parameters of stimulation waveform to improve its effectiveness when high-density 

stimulation is performed and each electrode is controlled independently. This SoC 

provides a miniaturized and integrated solution for both epi-retinal implant as well as 

neural implant, especially if high-density stimulation is required. Four SoCs can be 

further combined to build a 4096-chanel stimulator array.  

In the mean time, we have designed and built a versatile multi-channel stimulator 

system based on the SoC. The system allows users to flexibly configure the stimulation 

parameters on each channel while at the same time has an embedded charge cancellation 

function that has not be realized in commercial systems. We further proposed and 

validated a bio-impedance measurement technique using bi-phasic current stimulus. The 

technique can be used to derive the component parameters of a Randels cell electrode 

model based on large-signal analysis. Moreover, as demonstrated in the in-vivo rat 
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experiment model, the stimulator can provide versatile stimulation patterns to investigate 

the complex spinal circuitry.  

In the future, we are aiming at three goals. The first goal is the improvements and 

packaging of the 1024-channel SoC.  Functionalities of neural recording, tunable high-

compliance voltage for stimulator, and back telemetry are the functions can help make 

the operation of the SoC more stable, power efficient, and safer. We are also seeking the 

proper technology with our collaborator to provide a hermetic package to house the 1024-

channel for in-vivo or acute experiments. 

We have validated the effectiveness of the stimulator using a spinal rat. The rat is 

able to stand and step when different stimulation waveforms are provided. The second 

goal is thus to implement a spinal cord implant with wireless power/data telemetry to 

help paralyzed patients regain their motor function. We envision that having more 

number of electrodes in the implant, more intrinsic functionalities for the spinal network 

can be explored and utilized.  

In addition, very recently, we have performed an intestine stimulation on rats. We 

are able to activate the contraction of the smooth muscle of denervated colons. 

Improvement of the stimulation system will be done based on feedbacks from the 

experiments accordingly and we are preparing to build several stimulator systems for 

researchers who are interested and need technologic assistance. 
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