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Abstract— There are significant technical challenges in
the development of a fully implantable wirelessly
powered neural interface. Challenges include wireless
transmission of sufficient power to the implanted device
to ensure reliable operation for decades without
replacement, minimizing tissue heating, and adequate
reliable communications bandwidth. Overcoming these
challenges is essential for the development of implantable
closed loop system for the treatment of disorders ranging
from epilepsy, incontinence, stroke and spinal cord
injury. We discuss the development of the wireless
power, communication and control for a Radio-
Frequency Identification Sensor (RFIDS) system with
targeted power range for a 700mV, 30 to 40uA load
attained at -2dBm.

Index Terms—RFID, RFID Sensor, CMOS, Neural
Interface,

I. INTRODUCTION

This paper describes the wireless power, control and
communication for an implantable neural interface powered
via a far-field radiofrequency source. There are significant
tradeoffs that must be made when designing implantable
sensors. Given the sensitivity of inductive coupling to
alignment, and depth, it is not a good candidate for powering
or communicating with multiple devices implanted in the
body. The development of far-field power and
communication is essential to the development of distributed
implantable RFID Sensor networks (RFIDS).
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II. MicrRO NEURAL CONTROLLER

A. State Machine

As shown in Figure 1 the RFIDS has five operating modes
including three working modes: Power-Up & Sync Mode
(0), Standby Mode (1), Time-Stamp Mode (2), Streaming
Mode (3) and Snippet Mode (4). In the Power-Up & Sync
Mode (0), the RFID harvests energy and synchronizes its
clock with the radio frequency (RF) signal from the external
base station via the phase locked loop (PLL).

Upon synchronization the sensor enters into the Standby
Mode (state 1, Figure 1). The Standby Mode (1) is a power-
saving mode where all circuits are powered down except the
state control and command/receive functions.

Time-Stamp Mode (2) allows real-time applications by
observing and transmitting the time of neural spike
occurrences. A threshold circuit is programmed by the user
to record a spike occurrence when the neural activity crosses
the threshold storing an occurrence in memory. When
polled the neural interface transmits the interval between
spikes and threshold levels exceeded (positive and/or
negative). The timestamp data is recorded from up to 40
sensors simultaneously.

In Streaming Mode (3), 8 bit waveforms sampled at
15.6Ksps are recorded/transmitted from up to 4 sensors
simultaneously (queried sequentially by the base station).
The controller turns off the thresholder to save power in this
mode.
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In Snippet Mode (4), the sensor stores 1.5 ms of data
following a threshold crossing. The chip stores 8 samples
pre threshold and 24 samples post threshold. The waveform
shapes are recorded/ transmitted from up to 20 sensors.
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Power-Up & Sync
Mode

Standby Mode

cMD_3
D or CMD_3

CMDLO  cMD_2

No CMD or C
CMD_1

Time-Starip Snippgt Mode

Streaming Mode
Figure 1. Simplified controller state diagram

A block level diagram of the Neural Interface is shown in
Figure 2. The neural signal is bandpass filtered and
amplified and then passed to a thresholder circuit and the
analog to digital converter (ADC). From there the data are
stored in the FIFO. The data is then formed into packets for
transmission back to the base station when polled using the
unique ID on each sensor. Upon request from the base
station, the controller enters states in which outbound
packets are formed from the FIFO and transmitted (Figure
3). TableI and Table IT show the packet formats for each
communication protocol. Each inbound command generates
a response from each sensor consisting of a data packet or a
null data packet if no data were recorded. Variable length
packet formats (Figure 3 and Table II) are used to minimize
power and bandwidth during operation. While forming a
packet, the preset header, the start of packet (SOP) delimiter,
and the hard programmed tag address are loaded to the
packet format register directly. Neural data in the FIFO and
CNT extension information in Time-Stamp Mode as well as
Error Detection/Correction Code are loaded and computed in
real time. The packet stream is Manchester Encoded, spread
in spectrum and transmitted to the base station.

Table . MNI INBOUND PACKET FORMAT
MODE 2 FORMAT
(TIME-STAMP MODE)

Name Length Functionality
Header 2 Synchronization
SOP 1 Start of Packet

Address 1 Probe ID
Denote previous
CMD 1 Working MoFie
and content in
the Data section
Up to 16 spike
detection
with 8 bit +
Data 0-32 VTH Crossing;
8 bit spike
interval counter
CRC 1 Error Detection
MODE 3 FORMAT
(STREAMING MODE)

Name Length Functionality
Header 2 Synchronization
SOP 1 Start of Packet

Address 1 Probe ID
Denote previous
CMD 12 Working Mode
8 bps Spike Real
Data 32 Time Record
CRC 1 Error Detection
MODE 4 FORMAT
(SNIPPET MODE)

Name Length Functionality
Header 2 Synchronization
SOP 1 Start of Packet
Address 1 Probe ID

Denote previous
CMD 12 Working Mode
8bps Spike
Data 1 or32 Segment
Capture
CRC 1 Error Detection
B. FIFO

In this effort, an 8x32 FIFO (First-in First-out) is used as a
memory buffer for storing neural data. A dual-ported 8T
SRAM memory, Figure 4, with a read buffer has been
adopted to enable fast Non-Destructive Reads (NDR). With
a working power supply of 400mV, the FIFO shares a 15.6
KHz clock frequency with the ADC for writing and a 400
KHz clock frequency for read. As in shown in Figure 2,
neural spike times and digitized samples from the ADC are
written to the 8 bit by 32 word FIFO. This information is
stored until the RFIDS is polled for transmission. After the
contents in the FIFO are fully cleared, the write and read
pointer are reset to the top of the FIFO, readying the sensor
for the next cycle. The FIFO area is 71.7 um x 211.7 um.
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Figure 2. Controller Block Diagram
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Figure 3. General Packet Format.

Table II. MNI INBOUND PACKET FORMAT

Name Length | Functionality
Header 2 Synchronization
SOP 1 Start of Packet
Address 1 Select Probe
CMD 1 Select Working Mode
Data Oorl +Threshold Setting
CRC 1 Error Detection
WL
RWL VDD
wcoL WCOL_b RCOL
L L
I
|
1
VSS

Figure 4.8T Dual Port SRAM Cell Schematic

III. PLL

As result of technology advancement, market demands for
greater portability and implantation, several low power
phase-locked loops (PLL) have been presented by multiple
authors in recent years. Gundel and Carr presented a low
power PLL for biomedical wireless applications consuming
20 uW at 3.3 V, with clock frequency of 100 kHz [1],
fabricated in a 0.6 um CMOS process. Popplewell et al
proposed a PLL for self-powered RFID applications with an
output frequency of 5.2 GHz with a power consumption of
1.1 mW at 1.2V [2], fabricated in a 130 nm CMOS process.
Other authors have proposed low voltage PLLs for different
applications, which are tabulated in Table III.

Table II. MNI INBOUND PACKET FORMAT

Freq. | Ch. | Power/MHz@VDD
Author (MHz) | (nm) | (uW/MH?z)
S‘]mdel &Carr 600 | 200@3.3V
Popplewell [2] | 5200 | 130 | 0.19@1.2V
Hsich [3] 1900 | 180 | 2.37@0.5V
Chao [4] 610 130 | 2.049@0.5V
Raha [5] 500 90 | 0.600@0.6V

Our PLL has a power consumption of 2.7 yW with an
output frequency of 3.2 MHz using a 0.7 V power supply.
Table III indicates that Popplewell’s PLL is the lowest
power, but this is the result of using an LC crossed-coupled
VCO.

The PLL of Figure 5 is a standard charge pump PLL
consisting of a standard phase-frequency detector (PFD), a
buffer, a charge pump, a transmission gate switch, a passive
loop filter, and a standard current starved voltage-controlled
ring oscillator (VCO) with a divide-by-4 divider. The five
stage current starved ring oscillator requiring 7 legs of bias
current consuming more than 50% of total PLL power. The
loop is synchronized during both power/packet reception,
and a switch is used to break and hold the loop while the
outgoing packet is being transmitted. The charge pump must
hold the VCO to minimize drift during the packet
transmission period.

Lock
Detector

Reference
Clock

Clock

uF || veo

Counter

4

Clock

Figure 5. PLL Block Diagram

The charge pump is a current steering topology proposed
by Maneatis [6] which has the advantage of being suitable
for low voltage applications due to the presents of only two
saturated transistors drops to the ground. The buffer ahead of
the charge pump converts the “up” and “dn” generated by
the PFD to complementary “up” and “dn”. The schematic of
the buffer is given in Figure 6, along with the schematic of
the charge pump from Maneatis [6]. The charge injection
problem inherent to charge pumps is significantly reduced as
a result of the NFET steering switches operating in weak
inversion and their reduced inversion layer charge.

The PLL is designed with a damping ratio of 0.7. The
worst case simulated settling time is 12 ps when the VCO
control voltage is pulled down from VDD (greatest distance
from the settling voltage) to the nominal settling voltage.
The area consumed by the PLL is 170 pm x 95 pm.
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IV. RF-DC

This section describes the RF-Front end for each ARFID
sensor. Figure 7 shows the block diagram of the front end
with all significant building blocks. The RF to DC front end
consists of the antenna, matching network, RF-DC
converter, band-gap reference and a low drop out regulator
(LDO) which powers the signal conditioning circuitry. The
load modulator alters the antenna impedance to achieve
backscatter transmission of outbound data to the base station
at 3.2Msps. The design of the antenna is beyond the scope of
this work and hence shall not be discussed. However,
through the use of 2D and 3D electromagnetic simulation[7]
it has been determined that safe levels of power near the
brain surface is approximately 200uW[8] from which we
expect to harvest S0uW.

RF_IN Demodulator
‘Antenna
i RFDC
Iﬁde‘t’vt?gr‘f(‘g Converter

Demodulated
Output

Voltage Regulated
Reference | LDO Aﬂﬁgg supply
Regulated
ﬁ Dig%&ll supply

Figure 7. Block diagram of the RF- Front End

A. Matching network

The matching network including the antenna is designed
to maximize the power transfer between the antenna and the
input to the rectifier. The power match is typically either a
shunt or series LC network avoiding power dissipated in the
network. The choice between shunt LC match versus series
LC match depends on the following criteria:

1. Available input power

2. Impedance of the antenna

3. Input impedance of the RF-DC converter.
Efficient harvesting is a function of all three. The RF-DC
converter is required to produce an adequate amount of DC
voltage to power the signal conditioning circuitry while
maintaining high efficiency. The shunt LC network is a good

candidate if the input voltage is high and the impedance of

RFE IN

I—match

1 CL

Figure 8. Single State RF-DC converter

the antenna and the RF-DC converter are closely
matched[9]. Efficiency can be maximized by minimizing
the losses in the RF-DC converter which translates to having
a fewer number of stages (fewer series diodes losses) and
operating the diodes as high on the I-V curve as practical
without the diode going ohmic (i.e. operate the diode at as
high a switched current density as possible). It is desirable
that the voltage levels at the input to the rectifier be high
relative to diode turn on voltage without damaging the
diode. This often results in the series LC matched networks
being the better candidate as the result of providing a voltage
boost of Q when antenna impedances are low. The input
impedance of the RF-DC converter is given as follows [10-
11] (the equations have been modified to include only
positive half wave rectification)

—

Vin 1)
R. =
n 4NIoyT

e N DD, sinofd
= fo [VD+vin. sin ot]dt )

Where N is the number of stages and I, is the target load
current. The network was designed to match the impedances

resulting in L and C values of 9.49 nH and 382 f{F
respectively with an antenna impedance of ~50 ohm.

B. RF-DC converter
A single stage RF-DC converter is shown in Figure 8.
Two methods of implementing the RF-DC converter are:
1. Using a MOS devices in a switch based arrangement.
2. Using either a schottky diode (preferred due higher {fT) or
MOS diodes for rectification.
In a biological environment, the RF-DC converter is
required to generate a DC voltage from the RFIDS antenna
which has very low input power available. Lower power
levels are a result of absorption of RF power by biological
tissue as well as limits on specific absorption rates (SAR )
in humans [12-15]. The permissible level is 1.6W/kg of
tissue in order to avoid raising the temperature by greater
than 1°C[16]. A clock cannot be implemented on chip due
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as a result of the power cost at high frequencies. These two
disadvantages make the Dickson architecture or its modified
version using MOS transistors [17-18] infeasible for use in
1.0-2.4 GHz high frequency RFIDS.

Sarpeshkar and Mandal proposed a MOS switch based
design for the RF-DC converter[17]. Three factors influence
the choice of a MOS or schottky diode switch; 1) the MOS
threshold voltage, 2) the available switching voltage, and 3)
switch current density per sheet capacitance a figure of merit
being (A/fF -um?). Typically schottky diode and MOS
switches provides an order of magnitude increase in current
for every 60/120mV increase in turn on voltage respectively;

N
VREF :nVTN In (k) + f VD 1 (3)

where n = 1 for Schottky diodes and SOS-CMOS and n = 2
for bulk CMOS. For Schottky diodes the log linear range is
limited to 400 to 500mV while for CMOS switches the
range is limited by threshold voltage. However MOS
switches have a distinct advantage in that the “on resistance”
can be further reduced as the overdrive voltage exceeds the
threshold voltages reducing the Ip Vg, (includes and IpVp
and Ip’RS) switch losses of all “diodes”. As a result MOS
switches have the potential to further reduce the switch on
resistance when signal levels are large relative to the
threshold voltage and CMOS f; is adequate to support the
desired current bandwidth. Where the combination of the
available input power and antenna impedance translates to a
large signal input to the rectifier, MOS switch stages can be
cascaded to obtain even higher DC voltages with high
efficiency. High performance low voltage transistors are not
available in the 180nm CMOS process from MOSIS. For the
selected process CMOS devices are less efficient than
available Schottky diode devices.

Curty and Declereq in [10] and our group in [11] show
that a low threshold MOS diode available in a 0.5 um SOI
process can be a more efficient rectification device for
given switching requirements. Successful results were
obtained in [11] and we were able to harvest power levels as
low as -5 dBm while supporting up to 100uA load currents.

The schottky diode outperforms the MOS diode when it
has a steeper I-V slope and lower sheet capacitance. Barnett
and Lazar [9] have generated DC voltages of 1.3V using up
to 16 Schottky diodes. The work presented here uses a
single stage schottky RF-DC converter and a series LC
matching network. The diodes are 5um x Sum. The blocking
Cs were selected at 24pF while the diodes which behave as
near ideal switches but with added diode capacitance tuned
by an 9.489 nH inductor at 2.4GHz. CL was chosen to be 48
pF or as large a practical to minimize power drop out and
keep supply voltage ripple well under 5SmV. Figure 9
presents measured results for the RF to DC harvester verses
load currents, + 1 sigma errors bars are indicate for 10 die.

The targeted power range for a 30 to 40uA is attained at -
2dBm.

DC output voltaga vi. Load current for a single stage tuned RF-DC converter

Vayr (V]
i

LiuA)
Figure 9.Performance of the single stage RF-DC converter

C. Voltage Reference and Linear regulator

The low drop out (LDO) regulator consists of a voltage
reference and an error amp with a PMOS pass transistor.
Figure 10 shows the schematic of the voltage reference and
the LDO. Figure 11 shows the chip layout with the various
blocks noted. In operation, a current proportional to
temperature (Iprat) is generated across Rprar and is added
with a current (Icrat) that is complementary to temperature.
This temperature independent current is mirrored across
Rrer to get the required temperature independent voltage
Vrer. Schottky diodes are used to achieve lower voltages for
lower power operation. Choosing a current value in the
permissible log linear range equal to 1pnA |, the value of Vref
for 400mV was found to be equal to 6.7KQ. The reference
voltage for the circuit can be expressed as [19]

vooa

- = [- L L L)
Bl | L e L L L
5y ok I ¢ ‘
DLl LY
= L b & ol g
e o m e T S
IR e s inl)

Figure 10. Schematic of the voltage reference and LDO

“BIASGEN  pLL
Figure 11. Layout of the entire chip
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N
VREF :nVTN ln(k) + f VD] (4)

In the above equation n = 1.6273, VT = 26mV, K= §, L=
8.8 and N = 3.8. A PMOS input stage was chosen for the
error amp to allow operation under low common mode
constraints. Compensation between the first stage and the
output has been achieved via indirect compensation. Indirect
compensation feeds back current directly into a low
impedance node in the first stage, thus eliminating the need
for extra legs of current [19]. The NMOS current mirror has
been split into two series transistors in order to realize the
low impedance node for the indirect compensation. Table IV
summarizes the performance of the low drop out regulator.

TABLE IV. VOLTAGE REGULATOR SPECIFICATIONS ACROSS
CORNERS: VDD=0.9V

CORNER | TEMP(°C) | VOUT(mV) | POWER(pW)
TT 15 707.9 19.61
27 707.6 19.57
50 706 19.47
SS 15 713 21
27 715 21
50 716 21.45
FF 15 709 18.07
27 708 18.01
50 705.8 17.89

V. CONCLUSION

Our results demonstrate that up to 100uW of power is
available for on chip circuit operation with losses. The
RFIDS utilizes 25uW of power for signal conditioning, spike
detection, and analog to digital conversion. From circuit
simulations; control, and communication circuits consume
~5 to 10uW of power (peak power during 10uS of
transmission). As a result, we need to receive ~35uW of
power after all losses for implantable RFIDS to be viable.
This has been partially mitigated by the addition of a 48pF
LDO decoupling capacitor. Based on our previous work,
these power levels are possible with far-field RF at 1.0-
2.4GHz range (our sim paper).

REFERENCES

[1] A. Gundel and W. N. Carr, "Ultra Low Power
CMOS PLL Clock Synthesizer for Wireless Sensor
Nodes," in Circuits and Systems, 2007. ISCAS
2007. IEEE International Symposium on, 2007, pp.
3059-3062.

[2] P. Popplewell, V. Karam, A. Shamim, J. Rogers, L.
Roy, and C. Plett, "A 5.2-GHz BFSK Transceiver
Using Injection-Locking and an On-Chip Antenna,"
Solid-State Circuits, IEEE Journal of, vol. 43, pp.
981-990, 2008.

[3] H. Hsieh-Hung, L. Chung-Ting, and L. Liang-
Hung, "A 0.5-V 1.9-GHz low-power phase-locked
loop in 0.18-&#x003BC;m CMOS," in VLSI

(3]

(7]

(8]
(9]

[10]

[11]

[12]

[15]

2891

Circuits, 2007 IEEE Symposium on, 2007, pp. 164-
165.

C. Ting-Sheng, L. Yu-Lung, Y. Wei-Bin, and C.
Kuo-Hsing, "Designing ultra-low voltage PLL
Using a bulk-driven technique," in ESSCIRC, 2009.
ESSCIRC '09. Proceedings of, 2009, pp. 388-391.
P. Raha, "A 0.6-4.2V low-power configurable PLL
architecture for 6 GHz-300 MHz applications in a
90 nm CMOS process," in VLSI Circuits, 2004.
Digest of Technical Papers. 2004 Symposium on,
2004, pp. 232-235.

J. G. Maneatis, "Low-jitter process-independent
DLL and PLL based on self-biased techniques,"
Solid-State Circuits, IEEE Journal of, vol. 31, pp.
1723-1732, 1996.

T.S.Ibrahim, D.Abraham, and R.L.Rennaker,
"Electromagnetic Power Absorption and
Temperature changes due to Brain Machine
Interface Operation," Annals of Biomedical
Engineering, vol. vol.35, pp. 825-834, 2007.
T.S.Ibrahim, "Private communication," 2010.

R. E. Barnett, L. Jin, and S. Lazar, "A RF to DC
Voltage Conversion Model for Multi-Stage
Rectifiers in UHF RFID Transponders," Solid-State
Circuits, IEEE Journal of, vol. 44, pp. 354-370,
2009.

J. P. Curty, N. Joehl, F. Krummenacher, C.
Dehollain, and M. J. Declercq, "A model for &mu;-
power rectifier analysis and design," /EEE
Transactions on Circuits and Systems I: Regular
Papers, vol. 52, pp. 2771-2779, 2005.

S. Venkataraman, C. Hutchens, and R. L.
Rennaker, "RF-front end for wireless powered
neural applications," in Circuits and Systems, 2008.
MWSCAS 2008. 51st Midwest Symposium on, 2008,
pp. 682-685.

G. Lazzi, S. C. DeMarco, W. T. Liu, J. D. Weiland,
and M. S. Humayun, ""Computed SAR and thermal
elevation in a 0.25-mm 2-D model of the human
eye and head in response to an implanted retinal
stimulator - Part II: Results"," IEEE Transactions
on Antennas and Propagation, vol. 51, pp. 2286-
2295, 2003.

G. Kang and O. P. Gandhi, "SARs for pocket-
mounted mobile telephones at 835 and 1900 MHz,"
Phys Med Biol, vol. vol. 47, pp. 4301-4313, 2002.
S. C. DeMarco, G. Lazzi, W. T. Liu, J. D. Weiland,
and M. S. Humayun, ""Computed SAR and thermal
elevation in a 0.25-mm 2-D model of the human
eye and head in response to an implanted retinal
stimulator - Part I: Models and methods"," IEEE
Transactions on Antennas and Propagation, vol.
51, pp. 2274-2285, 2003.

T. S. Ibrahim, A. M. Abduljalil, B. A. Baertlein, R.
Lee, and P. M. Robitaill, ""Analysis of B1 field
profiles and SAR values for multi-strut transverse
electromagnetic RF coils in high field MRI
applications," " Phys Med Biol, vol. 46, pp. 2545-
2555,2001.



[16]
[17]

[18]

[19]

http://www.fcc.gov/oet/rfsafety/sar.html.

S. Mandal and R. Sarpeshkar, "Low-Power CMOS
Rectifier Design for RFID Applications," IEEE
Transactions on Circuits and Systems I: Regular
Papers, vol. 54, pp. 1177-1188, 2007.

P. k. Vijayaraghavan Madhuravasal, Chris
Hutchens, "Efficient Gate Drive Mechanism for
Novel Silicon Carbide Power FETSs," 415t
International Symposium on Microelectronics,
2008.

R.J.Baker, CMOS circuit design, layout and
simulation: pp. 546-547,679,788, 2005.

2892



	MAIN MENU
	CD/DVD Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order

