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Abstract—This paper, presents a feasability study of a central an adaptive autonomous robots that operate with flexibility in
pattern generator-based analog controller for an autonomous natural environment. CPGs can be constructed from electronic
robot. The operation pf a neuronal circuit formed of. electronlp neurons based on non-linear dynamical models of biological
neurons based on Hindmarsh-Rose neuron dynamics and first 51 H th ircuit built f di t
order chemical synapses Is modeled. The controller is based Onneurons[ ]. However, these C|r.cu.| S are. it irom |s.cre.e
a standard CMOS process with 2/ supply voltage. In order COmponents and are not a realistic solution due to their size
to achieve low power consumption, CMOS subthreshold circuit and power.
techniques are used. The controller generates an excellent replica  The basic concept of the CPG and its architecture are
of the walking motor program and allows switching between o i0\ved in Section II, and its sub-blocks are discussed in
walking in different directions in response to different command . . . o
inputs. Section Ill. Section IV demonstrates the electronic CPG circuit

The simulated power consumption is 4.8:W and die size followed by the HSPICE simulation results in Section V.

including I/O pads is 2.2nm by 2.2mm. Simulation results Finally, Section VI concludes the paper.
demonstrate that the proposed design can generate adaptive

walking motor programs to control the legs of autonomous

robots. Il. CENTRAL PATTERN GENERATOR

Index Terms—subthreshold operation, Central Pattern Gen-  Central pattern generators are normally turned and modu-
erator, electronic neuron circuit, electronic synapse circuit, neu- |5¢eq by descending motor commands and coordinated among
ronal oscillator circuit L .

themselves by coordinating neurons that provide a governed
oscillator with information about the activity status of a
|. INTRODUCTION governing oscillator to maintain gait [6]. During locomotion
OBOTS are fundmental in a broad spectrum of repetatitkke motor programs generated by central pattern generators
or dangerous work efforts ranging from industrial t@re modulated by sensory feedback. Depending on the locus
field applications. Most contemporary robots, however, cai action of the sensory feedback within the CPG it can
operate only in simple structured environments. There iseither modulate the amplitude of the output or reset it's
strong demand for consumer, industrial, and scientific appliming to adapt to environmental contingencies. We have
cations for autonomous robots that can operate adaptivelybieen developing robots based on this central pattern generator
unpredictable environments. Existing robots are commontyodel[3]. Our lobster-based platform is intended for remote
controlled by algorithm based systems such as finite staensing applications in the littoral zone. This robot features
machines[1]. However, algorithm-based robots controlled Iay physical plant based on the lobster body, artificial muscle
digital processors adapt poorly to unstructured environmerigbricated from shape memory alloys, neuromorphic sensors
due to an inability to anticipate all contingencies. Animaknd a controller based on known lobster circuitry[7].
models provide proven solutions to the problem of adaptationFigure 1 represents the core of the central pattern generator
to field environments and the underlying neuronal mechanisif@&PG) for control of the walking movements of one leg.
are understood adequately to allow construction of neurorfdle four interneurons form the neuronal oscillator for the
circuit-based controllers[2]. As a result, some investigatofsur-phase rhythm and two of these interneuroaley( and
have focused on emulation of biological nervous systemsp) directly activate motor synergies that control the eleva-
through biomimetics[3]. tion/depression movements of the coxo-basal (CB) joint. The

The innate behavior of animals is controlled by centrather two interneuronss{ving and stance), activate both an-
pattern generators (CPGs) resident in central ganglia or tiagonistic motor synergies that control the thoraco-coxal (ThC)
spinal cord[4]. It is our contention that if CPG-based corand mero-carpopodite (MC) joints of the leg. The interneuron
trollers are imitated, many problems due to deterministteming circuit enclosed by the dashed square is activated by a
control program can be solved and it will be feasible to develggarametric command that corresponds to the bias current (i)



" Nawronal el

on by motor commands that function as inward cur-
rent sources. The four phase motor program emerges
from the inhibitory connectivity between the endogenous
bursters [3]. During operation, the circuit continuously
generateslev, dep, swing, and stance signal. These
‘ | Forvard output signals are modulated byprward, backward,

‘ l Backored leading, trailing, andposture commands to determine

Inhibitory Synapse
A Excitatory Synapse
W Pre-Synaptic Inhibitor

Leading
Trailng the movements of lobster's legiev and dep always

Posture

' alternate, as dewing and stance.
! f@? Al éﬁ Moor 2) Protractor and Retractor - These synergies produce trans-
efractor levator Jepressor xtensor lexor

Neurons lational propulsive force during forward and backward
walking. The inputs of these blocks areving and
stance from neuronal oscillator and the inappropriate
connections are gated off bforward and backward
signal from the command neurons.

3) Elevator and Depressor - Elevator and depressor signals

control leg to move upward during the early swing and

downward during the late swing and stance. The Input
signal of the elevator synergy igev which comes from

the 4-state neuronal oscillator, The depressor’s inputs are

also modulated by theosture comand which is external

input to control height, pitch and roll and aadp from

the 4-state neuronal oscillator.

Extensor and Flexor - It moves the distal joint of the leg

to produce translational propulsive force during lateral

walking. Flexor and extensor signals are controlled by
stance and swing and gated by the motor commands
for trailing, andleading.

Fig. 1. The block diagram of Central Pattern Generator

in the electronic circuit. This parametric command gates on
the oscillator and controls it's average frequency. The motor
synergy neurons are activated indirectly by excitatory input
from the interneurons. The four phase rhythm emerges from
the pattern of inhibitory synaptic connectivity between the
interneurons.clev serves as a pacemaker to determine the
frequency of stepping movements and inhibits bdthp and
stance. The burst of spikes irlev defines the duration of 4)
the early swing phase of the step cycle. Intrinsic parameters
of the stance EN are adjusted so that stance bursts at a
slightly slower endogenous frequency than dep and the time
constant of the inhibitory synapse betwedav and stance

is increased so that there is a delay between the onsétpof

and stance. This delay forms the late swing phase of the stp addition to the leg CPGs, exteroceptive sensory inputs
cycle. In inhibitory connection betweestance and swing Modulate the motor commands.

ensures that swing is active during the early and late swing
phases and silent during the stance phase. A second layer
of command (orward, backward, leading and trailing)
controls the direction of stepping by gating off the appropriate To implement electronic the CPG circuit, electronic neuron
connections between the swing and stance interneurons gf@uit and synapse circuit are required. In this section, bio-
the motor synergies. For example, during forward walkinggical neuron and synapse model are reviewed and electronic

the connections betweeawing and retraction«etrator) and neuron, synapse circuit, and their subblocks are described.
stance and protraction ifrotractor) are gated off. During

forward and backward walking, the commands for the MC
joint are not gated so that the antagonistic extensofe@.sor) A. Neuron Model
and flexor (flexor) are coactivated to keep the joint stiff. Sim-

IIl. SUB-BLOCKS FORELECTRONICCPGCIRCUIT

. . i The behavior of lobster neurons is complex and the best
llarly, QUnng lateral _walkmg, theprotractor qn-d ret.mcmr models are based on elements of the stomatogastric ganglion.
synergies are coacnvateq to keep the ThC_ joint stiff The ionic currents underlying the dynamics of these neurons
The present rr_1anuscr|pt deals only with the CPG COMKvolve contributions from several species of channels
ponents and their control by these external commands. dium, potassium, calcium) and computations based on
general the parametric command is activated with adirectior?gll]ic channel dynamics are so complex that the potential
command forward, leading, and etc). Combinations of axial o e time digital control of a robotic implementation is
(forward andbackward) and lateral commandsduding and 5 haply unfeasible. In contrast the neurons and synapses in

trailing) can give rise to diagonal walking patterns. The only, present manuscript are based on a dynamical analysis and
rule for command activation is that the commands for walking ;. accurate adaptation of the Hindmarsh-Rose equations
in oppqglte directions f(or“_"””,d VS. backward, andleading  4q instantiated in UCSD component-based electronic neurons
vs. trailing) are mutually inhibitory. [5]. These electronic neurons can be configured to a variety
The electronic CPG is divided into four sub-blocks ass neuron types by adjustment of intrinsic parameters
follows. and have been demonstrated to be capable of control of
1) 4-State Neuronal oscillator - The neuronal oscillatax shape memory actuated robot leg to walk in different
is the clock of the CPG and is composed of neurortirections in real time using a simple neuromuscular interface
that are endogenous bursters. The oscillator is turn@utp://www.neurotechnology.neu.edu/EDircuitWalking.html).



To implement an electronic neuron circuit (EN), the
Hindmarsh-Rose(HR) neuron model [8], [5] is used. Com .
pared to other neuron models such as Fitzhugh-Nagumo _ -
Hodgkin-Huxley, the HR model has several advantages. TF=
mathematical equations are simpler than the Hodgkin-Huxle -
model that is based on global behavior rather than eletrc - ,
physiological processes. Therefore, it requires less hardwa ™ = &ww = = ° = T il
resources and less design complexity. Also this model provides (a) Phase Plane (b) = variable
an accurate output frequency-input current relationship, whic*
is not described by the Fitzhugh-Nagumo formulation. The
mathematical expression of HR model is given by

X (volt)

y (volt)
2 (volt)

dzx

— =y—ard b —z2+1 (1)
dt
dy 9
% =c— dx - y (2) - Tlméw("sec) - - - - - T\m:J(Jsec) o
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e =r(sw—m) =) ®)

Fig. 2. Solutions of Hindmarsh-Rose Neuron Model
where,

x: membrane potential of neuron,

y: recovery current of neuron,

z: adaptation current of neuron,

1: applied current,

x1. the leftmost equilibrium point of the neuron model
without adaptation.

Coefficients of the Equation (1),(2), and (3) are:= 1,
b=3,1=3.024,c=1.01,d =5.0128,r = 0.0021,s = 3.966,
andz; = 1.605.

The equations with given coefficients are used to describe
the behavior of the biological neuron’s action potential. Figure
2 (a) shows the solution to the Hindmarsh-Rose neuron
model in the phase plane. The inner traces correspond to
higher frequency oscillations than the outer traces, and the tail
corresponds to the period between the bursts. This high-leyg] 5 yingmarsh-Rose Neuron Circuit
behavioral simulations of HR model using Matlab provides
references for the electronic neuron circuit design. The output

waveforms ofx(¢), y(t), andz(¢) obtained from Matlab sim- Ynew = Y (5)
ulations are shown in Figures 2 (b), (c), and (d), respectively. Yms
z
. . . . Znew = (6)
B. Circuit Design of the Electronic Neurons Zms
Figure 2 shows the phase relationship betwéefi and tnew = T X t 7)

7y”(a), "x” variable response(b),y” variable response(c),
and ”z” variable response(d) in time domain. As shown After these variables are applied to Equation (1), (2), and
in the Figure, the output bursts of the neuron are largé®), the following new equations are obtained.
than the power supply voltage (2V). Also the output
frequency is slower than the real neuron’s bursting. For they, 1 <yms

electronic neuron to work at low power supply voltages, the ;; — T,
magnitude and the frequency of the neuron outputs need to

1 z
y — 22, az® + vy b + —T — =2 Z>

:I;’"I,S x’”’LS xT)'LS

2
be scaled[9][10][11]. dy _ 1/1 o Tms g2 y )
dt TS yms yms
The magnitude-scaled and time-scaled variables are defined p
as z 1 Tms Ty
= oms .. _ 1
dt T, " (8 (st ’ Zm8> Z)) (10)

(4)

Tnew =
Tms
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Figure 3 shows the electronic neuron circuit’s diagram LMQ e3
to implement the Equation (8),(9), and (10) based on the
discrete circuit diagram necessary to implement Hindmarsh- vt k2] M2 | Mad Wb
Rose model in [5]. These three circuits are connected together ;F o 45:7} T 4 ﬁi?}
through feedback loops where outputs are connected to inputs F |
indicated by the same symbols. E is the bias voltage to
tune the circuit to satisfy the coefficients of the HR model. l '
To integrate the circuits into VLSI on silicon, operational . V2ovz V2w

amplifiers, current sources, and multipliers are needed. In
addition, MOS Resistive Circuits are required to minimize thfdd- 8- The Multiplier Core Circuit
silicon area.

Major issues in designing the neuron circuit are area and
power consumption due to requirements of a battery-bas

power sgpply and the _mherent r_estr!ctlons_ on m'ss'oiabrrent source circuit shown in Figure 5 [12],[13] is used to
!ength. Since the electronic neuron C'rCl.J'.t CONsIsts of sevef ercome this problem. The process sensitivity of the current
mtggr ators, low power operational amplifiers are an essemé%lurce is significantly reduced due to sufficiently large loop
building block. gain introduced by the op amp.

. - . The equilibrium voltage/r andI,.r is given b
The two stage operational amplifier architecture shown in a 9%k e/ 189 y

Figure 4 is used in this research, where the current source Vi = Viln (5352> (12)
is biased in the subthreshold region to allow subthreshold 5154
operation of the op amp [12],[13]. The gain of the two Sta%here Vi — KT
operational amplifier is represented by the transconductance r a
of the driver times the load resistance of each stage. The ~Vr  Vp S3 S
transconductance is given lgy, = nITDT wherelp is related -
to the reference current de_rlved in Equation (13) from ﬂ}?rom Equation (12) and (13), the temperature coefficiédty
current source. Then the gain of the subthreshold op amp can S

. ] of I,.y is given by
be modified as follows:

1 0Ly 1 10R

The conventional PTAT current source for subthreshold bias
ws poor performance due to process variation. A new

(13)

InS InS TC = - —_ -1 14
Adc: 5 (T02||’f‘04) 5 (7‘06HT07) (11) Iref orT T Rl oT ( )
nRky niy . .

A Monte-carlo simulation was performed for both
where, _ - conventional and process-insensitive current source circuits,
Agc is the total gain of 2 stage amplifier, where the reference current is 500 and Vrg(threshold
To IS output resistance of transistor, voltage) is selected as a variable process parameter. The
n is slope factor, current variation of the circuit in Figure 5 is from 499:08
S is a current source area rat(@: %) to 501.7h A, while the conventional current circuit ranges

from 489.81 A to 519.34 A.
Since the temperature term i, is canceled withVr in
the Equation (13), the gain is affected only by the temperatureThe neuron circuit requires a multiplication function to
slope of the Early Voltage or channel length modulatieg).( produce square and cubic of variable The multiplier used
Therefore, the gain is relatively constant and independentfof the adaptive analog controller is shown in Figure 6.
temperature and process variations. This is an ideal multiplier for the proposed electronic neuron
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implementation because it requires less area and low supply
voltage and the output signal integrity is better than other
multiplier circuits since it operates in the saturation region ] ;
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The output of the multiplier is given by, 3¥:me(lin‘;?1TlME) o gmom g

BOE R

- X

Voltages (lin)

Vout = [—32RcKo(Ry)* Ko Ko(Vi — V) (Va — V)] vive
(15)
To generater? andz> terms using this multiplier, additional
circuitry shown in Figure 7 is required. The multiplier

Voltages (lin)

/

— _— Vi

takes differential inputs and generates differential outputs. e ™ m e
output to single-ended output are required. An inverting
amplifier denoted as Babenerator is used to generate the _ by 1=L78v
complementary input signals. To convert the differential o 1 i
output to single-ended output, the difference amplifier with g 1'21 (]%,
attenuation network denoted as Doulile Single is used. ¢ ol | —

0 im 2m m 8m

l’ir;-lu 4m 5m
R . Time (lin) (TIME
VBa,’r,Generuto’r and VDouble,To,Si'n,gle are given by me i) (TI)

(c) 1=1.5V
Ry
VBar_Generator = Evi" (16) Fig. 9. Neuron Outputs
R3
VDouble,To,Si'n,gle = Rf (Ul - UQ) (17)
4

g . 1 4 . e .
Posmve_termlnal_s of thg operational amplifier are biased WRC(MOS Resistive Circuit) [15] that requires at least four
1 volt since a single rail power S_“PP'WS = GND ar_1d_ MOS transistors. 2) Since all resistors are composed of unit
Vpp = 2V) is used. The connectivity among the multiplieggnisior, MOS resistor shows good matching performance. 3)
core circuits including BaGenerator and Doubl@o._Single A special process step is not required. The only disadvantage

is shown in the Figure 7 and the s?mulatﬁa and z° for 2 s that it requires high gate voltag®,), which can be supplied
sine wave input: are shown in the Figure 8. Only 8®attis  {om the external supply.

consumed to generaté andz? due to subthreshold operation.

del either th i | th ist | St neuron circuit are close enough to the output of the neuronal
neuron model, either the capacitor values or the resistor va eeshavioral(Matlab) simulation except the fact that it is scaled

ShO.UId he larger. Because cgpamtance takes more area n for integrated circuit. The global behavior depends on
resistance Per square, capacnance.values. Sh_OUId be fixe hESinputI. If I is lower than the activation threshold (1.5V),
small as possible. Once the capacitance is fixed to a smgll cq|| stays at rest as shown in Figure 9(c). The cell begins to
implementable value, the resistor values are in the or at the higher value of than the threshold. The frequency

of mega-ohm to satisfy time constants of the differentigl gpikes per burst increases Aicreases as shown in Figure
equations. A single MOS transistor operating in linear regiagyay /=2v, and Figure 9(by=1.75.

is used to implement the resistor since the linearity is not
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A biological chemical synapse is modeled as in [5]: S/”apsezvpre
Symapse_Out
I'=gS(t)(Viev — Vpost) (18) Vpod
where, ds(t) Sao — S(t) Fig. 12. Neuron Oscillator Block Diagram
= — 19
dt Ts(l - Soo) ( )
in a subthreshold region[16]. Employing a transconductance
B Vore = Vihres amplifier operating in the subthreshold region, an output
Soo = tanh ( Vilope > for Vpre > Vinres (20) cyrrent characterized by tanh function can be obtained for the

differential input voltage. This output current is then converted
otherwise, Soo = 0 to voltage output using current-to-voltage converter circuit.
The current-voltage relationship of CMOS transistor in the

) ) subthreshold region is given by
g : maximal synaptic conductance

S(t) : instantaneous synaptic activation
S . steady-state synaptic activation ) )
Vieo : Synaptic reversal potential wherek is a constant for a given process technology.

Vore @and Vs © presynaptic and postsynaptic voltages o o

Vinres © Synaptic threshold for transmitter release The main difference betweeh and /s in Figure 11 can be
Vsiope © Synaptic slope voltage expressed as:

Tg . Synaptic time constant ekVi _ okVe k (Vi —Va)
_[1 — IQ = Ibm = Ibtanh

Isat = Ioengst (21)

(22)
Both excitatory and inhibitory synapses are used in the

CPG. The topology for these two types of synapse cirCuiffhother circuit required for electronic synapse is analog

are identical except the value f.,, which is selected such comparator shown in Figure 11(b) to compé&ig, With Vs

that the current injected into the postsynaptic EN is alwayig Equation (20). The design of the comparator is almost

positive relative to resting potential for excitatory synapses agbntical to that of the proposed operational amplifier. Since

negative relative to resting potential for inhibitory synapsesthe circuit does not have a feedback path and works with open-
loop gain for high resolution, signals aboVg,,.., saturate to

D. Design of Electronic Synapse Circuit high supply voltage and signals beld;..; saturate to low

Based on the Equations (18),(19), and (20), the synapssléDply voltages. A. tfa”S”.“SS‘O_” _g_ate_shown in Figure 10 is
circuit shown in Figure 10 has been designed. To construct t %ed to pass t_he or|g|r!al signal 'f.'t is higher than the fchreshold
circuit diagram, operational amplifiers, multipliers, hyperbolifilS descrltbed_ n Ethuatlon (20.2.' Since thte outplialo?.dlnlg Oftth?
tangent function(tanh), and comparator elements are requir‘é Mparator IS only a parasitic capacitance, the final outpu

The same operational amplifier and multiplier used for ele fiving capability is not an issue.
tronic neuron circuit is used for the synapse circuit. ] o

Figure 11 (a) and (b) show the "Tanh” and comparatds- Neuronal Oscillator Circuit
circuits operating in subthreshold region. An exponential term Figure 12 shows the block diagram of a neuronal oscillator,
is required to implement hyperbolic tangent function, amghich is designed to verify the operation of the electronic
exponential behavior of a MOS transistor can be observegnapse and EN (Electronic Neuron).
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Fig. 14. The HSPICE Simulation Result of Neuronal Oscillator

input of pre-synaptic inhibitor is activated. The pre-synaptic

The coupling of two ENs are connected via two ideninhibitor is an output of the walking command neuron and
tical synapses. The EN has one inpu) @nd one output Selects the motor patterns for walking in different directions.
(Neuron_Out), while the synapse circuits take two inputsTherefore, pre-synaptic inhibitor circuit is implemented using
One input isV/,.. that comes from the output of the presynapti€omparator and switch circuit. For example, in Figure 1, if
neuron and the other i§,,., generated by the postsynapticforward signal is activated and it is higher thdn, the
neuron Gynapse_Out). Depending on the type of synapse@utput signal of pre-synaptic inhibitor turns on M1 in Figure
neural oscillators produce distinctive characteristics. Outpl®, and the effect oftance signal is nullified by pre-synaptic
bursts/spikes of two ENs are synchronized for excitatofjrcuit. Finally, output of protractor neuron is synchronized
synapse connections, and become out-of phase for inhibit§fifh swing signal. On the contrary, ibackward signal is
synapse connections. The behavioral simulation results of fifeivated, the output of protractor neuron is synchronized with
two coupled neuron circuit, which is based on HR modéfance signal.
equations using Matlab, are shown in Figure 13. The HSPICE
circuit simulation results are shown in Figure 14 and are |V. ELECTRONICCPG QRCUIT AND I TS SIMULATION
verified against the behavioral simulation result. RESULT

) o Figure 16 shows the complete block diagram of CPG
F. Pre-Synaptic Inhibition circuit. The simulation results of this circuit are shown in
Figure 15 shows a circuit diagram of pre-synaptic inhibitorffigure 17 and 18. The waveforms shown in Figure 17
circuit. While the role of synapse circuit is to directly modulatand 18 areelev, dep, swing and stance from the 4 state
the postsynaptic neuron, the role of pre-synaptic inhibitor is teeuronal oscillator circuit, elevator, depressor, protractor, re-
gate signal propagation from one neuron to another when tiactor, extensor, and flexor corresponding to the output signals
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Fig. 17. Case Forward and Leading are off. Backward,Trailing and  Fig. 18. Case Il:Backward and Trailing are off. Forward, Leading
Posture are on. and Posture are on.

of CPG, andforward, backward, trailing, leading com- [4] Delcomyn, F."Neural basis of rhythmic behavior in animals.Science

; i i< 210(4469): 492-8. 1980.
mands as the Input 5|gnals. For casel, prOtraCtor/rEtraCtofsisR.D. Pinto, P. Varona, A.R. Volkovskii, A. Szucs, Henry D.l. Abarbanel

synchronized With;ta@ce/swmg bY thebac_kward command, and M.I. Rabinovich'Synchronous behavior of two coupled electronic
and extensor/flexor is synchronized witliance/swing by neurons’, Physical Review E, Vol. 62, No.2, Aug. 2000, pp. 2644-2656.

17 i : [6] Stein, P. S. G'Motor Systems, with specific reference to the control of
the trailing command. In this caseforward and leading locomotion” Ann. Rev, Neurosci. vol 1. 1978, pp. 61.81.

signgls are off. This motor program ?OrreSponds to diagor["?‘f J. Ayers"Underwater Walking”, Arthropod Structure and Development
walking The output of the depressor is due to the summation Vol 33 2004, pp.347-360. . _
of the dep, posture and stance inputs. On the contrary, [8] J. L. Hindmarsh and R. M. Ros&A Model of Neuronal Bursting using

. . . . Three Coupled First Order Differential EquationsProceedings of the
protractor/retractor is synchronized withwing/stance by Royal Society of London, pp.87-102, 1984.

the forward command, and extensor/flexor is synchronizeld] S. Fifer,"Analogue Computation - Theory, Technigues, and applicatjon”

; . . ; McGraw-Hill, 1961.
with Swmg/stance. t_)y theleadmg command in case2. (the[lo] M. L. James, G.M. Smith and J.C. WolfortAnalog and Digital
backward andtrailing commands are off.) Computer Methods in Engineering analysisinternational Textbook
Company, 1965.
[11] C. L. Johnson’Analog Compute TechniquesMcGraw-Hill, 2nd ed.
V. CONCLUSION 1963.
. . . . . [12] J. Doyle, Y. J. Lee and Y. B. Kim)Implementation of 1Volt Supply
An elect_ronlc CPG circuit using 2V power supply 'S. imple= Voltage CMOS Subbandgap Reference CirguRfroceedings of IEEE
mented using 0.2&m CMOS technology. The electronic CPG International SOC Conference, 2003, pp. 323-326.
is able to mimic the nervous system behavior of biologic&3] J- Doyle, Y. J. Lee and Y. B. KimiA CMOS Subbangap Reference

- . . . Circuit with 1Volt Supply Voltage”|IEEE Journal of Solid-State Circuits,
CPG. Each building block is designed and optimized for low "5 "39 No. 1, Jan?%odh pr?_e252 - 955

power and minimum area. The total power consumption {1f4] S. Hsiao and C. Wu;A Parallel Structure for CMOS Four-Quadrant

4.8mW is obtained from HSPICE simulation and its layout Analog Multipliers and Its Application to a 2-GHz RF Downconversion
Mixer”, IEEE Journal of solid state circuits, vol. 33, Jun. 1998, pp. 859

dimension is 2.z2vm by 2.2nm including I/O pads. Simulated  _ggq
results show that the CPG circuit with coordinate controllg¢r5] z. Czarnul,”’Novel MOS Resistive Circuit for Synthesis of Fully In-

and command neuron is viable to build adaptive analog tegrated Continuous-Time Filtey”|lEEE Transactions on Circuits and
ller f t bi imeti d t bot Systems, Vol. CAS-33, No.7, Jul. 1986. pp. 718-721.
controller for autonomous biomimetic underwater robots. [16] C. Mead:Analog VLS| and Neural SystemsAddison Wesley, 1989.
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