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I n  t h e  p a s t  d e c a d e ,  n e u r o s c i e n t i s t s  a n d  c l i n i c i a n s  h a v e  b e g u n  to  

u s e  i m p l a n t a b l e  M E M S  m u l t i e l e c t r o d e  a r r a y s  ( e .g . ,  11 1) t o  

o b s e r v e  t h e  s i m u l t a n e o u s  a c t i v i t y  o f  m a n y  n e u r o n s  i n  t h e  b r a i n .  

B y  o b s e r v i n g  t h e  a c t i o n  p o t e n t i a l s ,  o r  “s p i k e s , ” o f  m a n y  n e u r o n s  

i n  a  l o c a l i z e d  r e g io n  o f  t h e  b r a i n  i t  i s  p o s s ib l e  t o  g a t h e r  e n o u g h  

i n f o r m a t i o n  t o  p r e d i c t  h a n d  t r a j e c t o r i e s  i n  r e a l  t i m e  d u r i n g  

r e a c h i n g  t a s k s  1 2 1. R e c e n t  e x p e r i m e n t s  h a v e  s h o w n  t h a t  i t  i s  p o s ­

s i b l e  t o  d e v e lo p  n e u r o p r o s t h e t i c  d e v ic e s  -  m a c h i n e s  c o n t r o l l e d  

d i r e c t l y  b y  t h o u g h t s  -  i f  t h e  a c t i v i t y  o f  m u l t i p l e  n e u r o n s  c a n  b e  

o b s e r v e d .

C u r r e n t l y ,  d a t a  i s  r e c o r d e d  f r o m  i m p l a n t e d  m u l t i e l e c t r o d e  a r r a y s  

u s i n g  b u n d l e s  o f  f i n e  w i r e s  a n d  h e a d - m o u n t e d  c o n n e c to r s ;  a l l  

e l e c t r o n i c s  f o r  a m p l i f i c a t i o n  a n d  r e c o r d i n g  i s  e x t e r n a l  t o  t h e  b o d y . 

T h i s  p r e s e n t s  t h r e e  m a j o r  b a r r i e r s  to  t h e  d e v e l o p m e n t  o f  p r a c t i ­

c a l  n e u r o p r o s t h e t i c  d e v ic e s :  (1 )  t h e  t r a n s c u t a n e o u s  c o n n e c to r  p r o ­

v i d e s  a  p a t h  f o r  i n f e c t i o n ,  (2 )  e x t e r n a l  n o i s e  a n d  i n t e r f e r i n g  s i g ­

n a l s  e a s i l y  c o u p le  t o  t h e  w i r e s  c o n v e y i n g  w e a k  n e u r a l  s i g n a l s  

( < 5 0 0 n V )  f r o m  h i g h - i m p e d a n c e  e l e c t r o d e s  ( > 1 0 0 k Q ) ,  a n d  ( 3 )  t h e  

c o n n e c to r  a n d  e x t e r n a l  e l e c t r o n i c s  a r e  t y p i c a l l y  l a r g e  a n d  b u l k y  

c o m p a r e d  t o  t h e  - 5 m m  e le c t r o d e  a r r a y s .  T o e l i m i n a t e  t h e s e  p r o b ­

l e m s ,  d a t a  f r o m  t h e  i m p l a n t e d  e le c t r o d e s  s h o u l d  b e  t r a n s m i t t e d  

o u t  o f  t h e  b o d y  w i r e le s s ly .  T h i s  r e q u i r e s  e l e c t r o n i c s  a t  t h e  r e c o r d ­

i n g  s i t e  t o  a m p l i f y ,  c o n d i t i o n ,  a n d  d i g i t i z e  t h e  n e u r a l  s i g n a l s  f r o m  

e a c h  e l e c t r o d e .  T h e s e  c i r c u i t s  m u s t  b e  p o w e r e d  w i r e l e s s l y  s in c e  

r e c h a r g e a b l e  b a t t e r i e s  a r e  r e l a t i v e l y  l a r g e  a n d  h a v e  l i m i t e d  l i f e ­

t i m e s .  L o w  p o w e r  o p e r a t i o n  ( c lO O m W ) i s  e s s e n t i a l  f o r  a n y  

i m p l a n t e d  e l e c t r o n i c s  a s  e l e v a t e d  t e m p e r a t u r e s  c a n  e a s i l y  k i l l  

n e u r o n s .

A  w i r e le s s ,  f u l l y - i m p l a n t a b l e  n e u r a l  r e c o r d i n g  s y s t e m  i s  b e in g  

d e v e l o p e d  to  f a c i l i t a t e  n e u r o s c i e n c e  r e s e a r c h  a n d  n e u r o p r o s t h e t ­

ic  a p p l i c a t i o n s  ( s e e  F ig .  3 0 .2 .1 ) .  T h e  s y s t e m  i s  b a s e d  o n  t h e  U t a h  

M i c r o e l e c t r o d e  A r r a y  (U E A ) ,  a  1 0 x 1 0  a r r a y  o f  p l a t i n u m - t i p p e d  

s i l ic o n  e x t r a c e l l u l a r  e l e c t r o d e s  11 1. T h i s  p a p e r  d e s c r i b e s  t h e  

d e v e l o p m e n t  o f  a  m i x e d - s i g n a l  i n t e g r a t e d  c i r c u i t  t h a t  w i l l  b e  f l ip -  

c h ip  b o n d e d  t o  t h e  b a c k  o f  t h e  U E A  u s i n g  A u / S n  r e f lo w  s o l d e r in g .  

T h i s  c h ip  w i l l  d i r e c t l y  c o n n e c t  t o  a l l  1 0 0  e l e c t r o d e s ,  a m p l i f y  t h e  

n e u r a l  s i g n a l s  f r o m  e a c h  e le c t r o d e ,  d i g i t i z e  t h i s  d a t a ,  a n d  t r a n s ­

m i t  i t  o v e r  a n  R F  l i n k  ( s e e  F ig .  3 0 .2 .2 ) .  P o w e r  w i l l  b e  d e l i v e r e d  

t o  a  6 m m  c o il  m o u n t e d  o n  t h e  b a c k  o f  t h e  c h ip  u s i n g  a n  i n d u c t i v e  

l in k .  ( T h is  c o il  i s  u n d e r  d e v e l o p m e n t ;  t h e  c h ip  i s  c u r r e n t l y  t e s t ­

e d  u s i n g  d c  p o w e r  f o r  i n i t i a l  t e s t s  a n d  a  1 9 m m  c o il  f o r  w i r e l e s s  

p o w e r  t e s t s . )  T h e  e n t i r e  d e v ic e  w i l l  b e  c o a t e d  i n  p a r y l e n e  a n d  s i l ­

i c o n  c a r b i d e  t o  p r o t e c t  i t  f r o m  i n t e r n a l  b o d y  f lu id s .

T h e  i n t e g r a t e d  c i r c u i t  m e a s u r e s  4 .7 x 5 .9 m m 2 a n d  w a s  f a b r i c a t e d  

i n  a  c o m m e r c i a l  O .S^im  3 M 2 P  C M O S  p r o c e s s  ( s e e  F ig .  3 0 .2 .7 ) .  A n  

o n - c h ip  b r i d g e  r e c t i f i e r  a n d  b a n d g a p - r e f e r e n c e d  l o w - d r o p o u t  v o l t ­

a g e  r e g u l a t o r  p r o v i d e s  a  3 .3 V  d c  p o w e r  s u p p l y  f r o m  a  2 .6 4 M H z  a c  

c o il  p o w e r  s i g n a l .  E x t e r n a l  c a p a c i t o r s  a r e  u s e d  t o  r e s o n a t e  w i t h  

t h e  p o w e r  c o il  a n d  s m o o t h  t h e  u n r e g u l a t e d  d c  s u p p ly .  A  s y s t e m  

c lo c k  i s  r e c o v e r e d  f r o m  t h e  c o il  f r e q u e n c y ,  a n d  A S K  m o d u l a t i o n  o f  

t h e  p o w e r  s i g n a l  a l lo w s  t h e  e x t e r n a l  u s e r  t o  s e n d  c o m m a n d s  a n d  

c o n f i g u r a t i o n  d a t a  t o  t h e  c h ip  a t  6 .5  k b / s  ( s e e  [ 3 1 f o r  a  s i m i l a r  

p o w e r / d a t a  l in k ) .  T h e  c e n t e r  o f  t h e  c h ip  c o n s i s t s  o f  a  1 0 x 1 0  a r r a y  

o f  a m p l i f i e r s  l a i d  o u t  i n  a  4 0 0 [ im  p i t c h ,  c o r r e s p o n d i n g  t o  t h e  

i n t e r - e l e c t r o d e  s p a c in g .  A  b o n d  p a d  lo c a l  to  e a c h  a m p l i f i e r  a l lo w s  

d i r e c t  c o n n e c t i o n  o f  t h e  c h ip  t o  t h e  U E A . T w e lv e  o f  t h e  1 0 0  p l a t ­

i n u m - t i p p e d  e l e c t r o d e s  a r e  u s e d  a s  “g r o u n d ” o r  “r e f e r e n c e ” e le c ­

t r o d e s ;  t h e  r e m a i n i n g  8 8  e le c t r o d e s  a r e  c o n n e c te d  t o  i n t e g r a t e d

lo w - n o is e  n e u r a l  s i g n a l  a m p l i f i e r s .  T h e  a m p l i f i e r s  a r e  a c - c o u p le d  

t o  e l i m i n a t e  t h e  l a r g e  d c  o f f s e t  f o u n d  a t  t h e  e l e c t r o d e - t i s s u e  i n t e r ­

f a c e ;  t h e i r  b a n d w i d t h  e x t e n d s  f r o m  l - 5 k H z  t o  p a s s  n e u r a l  s p i k e s  

a n d  r e j e c t  l o w - f r e q u e n c y  lo c a l  f i e ld  p o t e n t i a l s  ( s e e  F ig .  3 0 .2 .3 ) .  

T h e  a m p l i f i e r s  h a v e  a  m e a s u r e d  g a i n  o f  6 0 d B  a n d  i n p u t - r e f e r r e d  

n o i s e  o f  S . l u V r m s .  E a c h  a m p l i f i e r  d r a w s  o n ly  1 2 .8 n A  o f  s u p p l y  

c u r r e n t ;  w e  u s e  t h e  d e s i g n  t e c h n i q u e s  p r e s e n t e d  i n  [ 4 | t o  m i n i ­

m iz e  n o i s e  a n d  p o w e r  c o n s u m p t i o n .  I n d i v i d u a l  a m p l i f i e r s  m a y  b e  

p o w e r e d  d o w n  w i t h  a  c o m m a n d  s i g n a l  so  t h a t  u n u s e d  e le c t r o d e  

c h a n n e l s  d o  n o t  d i s s i p a t e  p o w e r .

A  9 b  c h a r g e - r e d i s t r i b u t i o n  A D C  i s  u s e d  t o  d i g i t i z e  t h e  s i g n a l  f r o m  

o n e  a m p l i f i e r  a t  1 5 k S a m p le s / s .  T h e  A D C  c o n s u m e s  l e s s  t h a n  

3 0 n A ,  a n d  h a s  m e a s u r e d  I N L  a n d  D N L  < 0 .8  L S B  f o r  a l l  b u t  t h e  

l o w e s t  5 0  c o d e s .  D i g i t i z i n g  a l l  8 8  n e u r a l  w a v e f o r m s  s i m u l t a n e ­

o u s l y  w o u l d  g e n e r a t e  p r o h i b i t i v e l y  h i g h  d a t a  r a t e s  (> 1 0 M b /s )  f o r  

lo w - p o w e r  R F  t r a n s m i s s i o n .  T h e r e f o r e ,  w e  p e r f o r m  o n - s i t e  d a t a  

r e d u c t i o n  b y  i n c o r p o r a t i n g  o n e - b i t  “s p i k e  d e t e c t o r ” c o m p a r a t o r s  

i n t o  e a c h  a m p l i f i e r  b lo c k .  T h e  s p i k e  d e t e c t i o n  t h r e s h o l d  i s  s e t  b y  

a  7 b  D A C . T h e  u s e r  s e l e c t s  t h e  d e t e c t i o n  t h r e s h o l d  l e v e l  a n d  a ls o  

c o n t r o l s  a n  a n a l o g  M U X  t h a t  r o u t e s  t h e  d e s i r e d  e l e c t r o d e  a m p l i ­

f i e r  s i g n a l  t o  t h e  A D C . T h e  c h ip  p r o d u c e s  a  3 3 0  k b / s  d a t a  s t r e a m  

t h a t  i n t e r l e a v e s  A D C  d a t a  f r o m  o n e  s e l e c t e d  a m p l i f i e r ,  s p i k e  

d e t e c t o r  d a t a  f r o m  a l l  a m p l i f i e r s ,  a n d  p a r i t y  b i t s .  F i g u r e  3 0 .2 .4  

s h o w s  r e c o r d e d  n e u r a l  d a t a  ( c o u r t e s y  o f  K . S h e n o y ,  S t a n f o r d  

U n i v e r s i t y )  p l a y e d  t h r o u g h  a  n e u r a l  a m p l i f i e r  o n  t h e  c h ip ;  e i t h e r  

t h e  c o m p l e te  d i g i t i z e d  w a v e f o r m  o r  s i m p ly  t h e  d e t e c t e d  s p i k e s  

m a y  b e  t r a n s m i t t e d .  ( A n  a l t e r n a t e  a p p r o a c h  t o  n e u r a l  d a t a  

r e d u c t i o n  i s  p r e s e n t e d  i n  151.)

D i g i t i z e d  n e u r a l  d a t a  i s  t r a n s m i t t e d  u s i n g  a  f u l l y - i n t e g r a t e d  

4 3 3 M H z  F S K  t r a n s m i t t e r .  T h e  V C O  u s e s  a  p l a n a r  s p i r a l  i n d u c ­

t o r  ( 5 4 n H ,  Q ~ 3 )  o p t i m i z e d  f o r  m a x i m u m  LC. p a r a l l e l - c i r c u i t  

e q u i v a l e n t  r e s i s t a n c e  t o  m in i m iz e  p o w e r  c o n s u m p t i o n  ( s e e  F ig .  

3 0 .2 .7 ) .  T h e  i n d u c t o r  a ls o  s e r v e s  a s  a  t r a n s m i t t i n g  a n t e n n a .  A t  

a n  o p e r a t i n g  s u p p l y  c u r r e n t  o f  1 .9 m A , w e  a r e  a b le  t o  r e c e iv e  F S K -  

m o d u l a t e d  d a t a  ( a t  - 8 6 d B m )  a t  a  d i s t a n c e  o f  1 3 c m  u s i n g  a  h a l f ­

w a v e  r e s o n a n t  d i p o le  a n t e n n a  ( s e e  F ig .  3 0 .2 .5 ) .

T h e  c o m p l e te  c h ip  d i s s i p a t e s  1 3 .5 m W  o f  p o w e r  w h e n  t h e  u n r e g u ­

l a t e d  d c  v o l t a g e  i s  a t  i t s  m i n i m u m  a l l o w a b l e  l e v e l  o f  3 .5 5 V . T h e  

F S K  t r a n s m i t t e r  c o n s u m e s  5 0 %  o f  t h i s  p o w e r ,  a n d  t h e  lo w - n o is e  

n e u r a l  s i g n a l  a m p l i f i e r s  c o n s u m e  3 0 %  w i t h  a l l  a m p l i f i e r s  p o w ­

e r e d  u p .  T h e  t r a n s m i t t e r  p o w e r  c o u ld  b e  r e d u c e d  b y  u s i n g  a  

p r o c e s s  w i t h  a  t h i c k - m e t a l  o p t io n  t o  i n c r e a s e  i n d u c t o r  Q, T h e  

m e a s u r e d  p e r f o r m a n c e  o f  t h e  i n t e g r a t e d  n e u r a l  i n t e r f a c e  c h ip  i s  

s u m m a r i z e d  i n  F ig .  3 0 .2 .6 .
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Figure 30.2.1: Complete Integrated Neural Interface (INI) assembly.
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Figure 30.2.2: Integrated Neural Interface system block diagram.
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Figure 30.2.3: Schematic of neural signal amplifier. Resistors are made from 
high-resistance polysilicon.

Figure 30.2.4: Response of wireless-powered chip to neural waveform played 
from waveform generator: analog output of a neural signal amplifier (top), 
waveform reconstructed from ADC output (middle), output of corresponding 
spike detector (bottom).

Figure 30.2.5: Spectrum of FSK data transmitter sending a typical data frame 
at 330kb/s. Dipole antenna was positioned 13cm from chip.

Integrated Neural Interface IC Measured Performance

Power/command signal frequency 2.64 MHz

Minimum required receive coil voltage amplitude 5.7 V(peak)

3.3-V voltage regulator dropout (II = 3 mA) 250 mV

Load regulation (Il  = 2-10 mA) 0.15 %

Line regulation (Vunreo = 3.5 V -  8.0 V) <0.30 %/V

Maximum command input data rate (ASK) 6.5 kbps

Number of Channels/Electrodes 88 signal, 12 ground

Neural Signal Amplifier Gain 60.1 dB (1.1 - 5  kHz)

Input Referred Noise 5.1 pVrms

Individual Amplifier Supply Current 12.8 pA

ADC resolution (LSB = 2.4 pV electrode referred) 9 bits

ADC sampling rate 15.0 kSamples/s

ADC INL/DNL error (codes 50-511) ±0.8 LSB/ ±0.6 LSB

Spike detector threshold resolution

(LSB = 4.8 pV electrode referred)

7 bits

FSK data transmission frequency 433 MHz

FSK data rate 330 kbps

Received signal power at distance of 13 cm -86 dBm

Total chip power dissipation 13.5 mW

Total chip area (0.5-pm, 2P3M CMOS) 27.3 mm2

Figure 30.2.6: Table summarizing measured INI chip performance.
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Figure 30.2.7: Dis photo of 4.7x5.9mm2 integrated neural interface chip. 

Insets show FSK data transmitter with integrated 54 nH inductor (left) and 
neural amplifier/spike detector cell (right).
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Figure 30.2.1: Complete Integrated Neural Interface (INI) assembly.
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Figure 30.2.2: Integrated Neural Interface system block diagram.
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Figure 30.2.3: Schematic of neural signal amplifier. Resistors are made from high-resistance polysilicon.
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Figure 30.2.4: Response of wireless-powered chip to neural waveform played from waveform generator: analog 

output of a neural signal amplifier (top), waveform reconstructed from ADC output (middle), output of 
corresponding spike detector (bottom).
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Figure 30.2.5: Spectrum of FSK data transmitter sending a typical data frame at 330kb/s. Dipole antenna was 

positioned 13cm from chip.
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I n t e g r a t e d  N e u r a l  I n t e r f a c e  I C  M e a s u r e d  P e r f o r m a n c e

P o w e r / c o m m a n d  s i g n a l  f r e q u e n c y 2 . 6 4  M H z

M i n i m u m  r e q u i r e d  r e c e i v e  c o i l  v o l t a g e  a m p l i t u d e 5 . 7  V ( p e a k )

3 . 3 - V  v o l t a g e  r e g u l a t o r  d r o p o u t  ( l L =  3  m A ) 2 5 0  m V

L o a d  r e g u l a t i o n  ( l L =  2 - 1 0  m A ) 0 . 1 5  %

L i n e  r e g u l a t i o n  ( V unreo  =  3 . 5  V  -  8 . 0  V ) < 0 . 3 0  % / V

M a x i m u m  c o m m a n d  i n p u t  d a t a  r a t e  ( A S K ) 6 . 5  k b p s

N u m b e r  o f  C h a n n e l s / E l e c t r o d e s 8 8  s i g n a l ,  1 2  g r o u n d

N e u r a l  S i g n a l  A m p l i f i e r  G a i n 6 0 . 1  d B  ( 1 . 1  - 5  k H z )

I n p u t  R e f e r r e d  N o i s e 5 . 1  p V r m s

I n d i v i d u a l  A m p l i f i e r  S u p p l y  C u r r e n t 1 2 . 8  p A

A D C  r e s o l u t i o n  ( L S B  =  2 . 4  p V  e l e c t r o d e  r e f e r r e d ) 9  b i t s

A D C  s a m p l i n g  r a t e 1 5 . 0  k S a m p l e s / s

A D C  I N L / D N L  e r r o r  ( c o d e s  5 0 - 5 1 1 ) ± 0 . 8  L S B /  ± 0 . 6  L S B

S p i k e  d e t e c t o r  t h r e s h o l d  r e s o l u t i o n

( L S B  =  4 . 8  p V  e l e c t r o d e  r e f e r r e d )

7  b i t s

F S K  d a t a  t r a n s m i s s i o n  f r e q u e n c y 4 3 3  M H z

F S K  d a t a  r a t e 3 3 0  k b p s

R e c e i v e d  s i g n a l  p o w e r  a t  d i s t a n c e  o f  1 3  c m - 8 6  d B m

T o t a l  c h i p  p o w e r  d i s s i p a t i o n 1 3 . 5  m W

T o t a l  c h i p  a r e a  ( 0 . 5 - p m ,  2 P 3 M  C M O S ) 2 7 . 3  m m 2

Figure 30.2 .6: Table summarizing measured INI chip performance.
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Figure 30.2 .7: Die photo of 4 .7x5 .9mm2 integrated neural interface chip. Insets show FSK data transmitter 
with integrated 54 nH inductor (left) and neural amplifier/spike detector cell (right).
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