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Analog CMOS Implementation of a CNN-Based
Locomotion Controller With Floating-Gate Devices
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Abstract—This paper proposes an analog CMOS circuit that
implements a central pattern generator (CPG) for locomotion
control in a quadruped walking robot. Qur circuit is based on
an affine transformation of a reaction-diffusion cellular neural
network (CNN), and uses differential pairs with multiple-input
floating-gate (MIFG) MOS transistors to implement both the
nonlinearity and summation of CNN cells. As a result, the circuit
operates in voltage mode, and thus it is expected to reduce power
consumption. Due to good matching accuracy of devices, the
circuit generates stable rhythmic patterns for robot locomotion
control. From experimental results on fabricated chip using a
standard CMOS 1.5-pm process, we show that the chip yields the
desired results; i.e., stable rhythmic pattern generation and low
power consumption.

Index Terms—Analog CMOS circuit, biologically-inspired
robotics, cellular neural network, central pattern generator,
multiple-input floating-gate MOS FETs.

1. INTRODUCTION

ONTROLLING walking machines is a difficult task that

requires the coordination of physical parts with multiple
degrees of freedom. Currently, scientific interest increasingly
has focused on biological systems that control complicated mul-
tiple joints and muscles during locomotion, such as walking,
running, swimming and flying. Biological systems have evolved
and optimized themselves under selective pressures, and there-
fore we expect that such systems will provide us with valuable
insights into solving these tasks. In fact, biological findings have
suggested that there are universal principles that cut across a
wide variety of animals, and these offer ideas for designing and
controlling robots [1].

Central pattern generators (CPGs) [2] are biological neural
networks that generate fundamental rhythmic movements for
locomotion of animals. Such rhythmic movements induce coor-
dination in physical parts, resulting in stable locomotion. While
it is not necessary to generate rthythmic pattern for locomotion,
sensory feedback modulates CPG activities to adapt to varying
situations [3]. Furthermore, CPG can change the locomotion
pattern itself. For instance, horses select an optimal locomotion
pattern, such as walk, trot and gallop, depending on the given
situation [4].
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During the past decade, many researchers have designed and
implemented locomotion controllers based on the CPG frame-
work in robotics, focusing on such CPG functions [11]-[17].
These CPG controllers have advantages in: 1) reducing the
amount of calculation required to control locomotion because
there is no need for complicated planning to generate motion
trajectories and 2) high adaptation to unexpected disturbances
as a result of a CPG interacting with the environment through
sensory information.

Recently, Arena et al. have applied a class of cellular neural
networks (CNNs) as CPG controllers to biologically-inspired
robots [31], [32]. In general, a CNN is an analog dynamic pro-
cessor array with local connections, and it can thus essentially
do parallel and distributed processing, and continuous time and
value signal processing [22]-[24]. In addition, their CNN is a
class of autonomous CNNs that can generate various spatial-
temporal patterns automatically [25]-[29]. Therefore, it is suit-
able to use as an artificial CPG controller to generate rhythmic
motion patterns for robotic locomotion in real time.

In this paper, we propose an analog CMOS chip that im-
plements a class of CNNs to control locomotion in quadruped
walking robots. CNN-based CPG controllers have already been
implemented on silicon chips [20], [21]. In these chips, the com-
ponents called cells interact with neighboring ones through cur-
rent, and thus these chips have problems in terms of current
mismatch and power consumption. The power consumption is
a particularly critical problem in long term operation. Hence,
we introduced an affine transformation of a reaction-diffusion
CNN, and designed it as an analog CMOS circuit using differ-
ential pairs with multiple-input floating-gate (MIFG) MOS tran-
sistors [35], [36], aimed at implementing the nonlinearity and
summation in CNN cells. As a result, the CNN circuit operates
in voltage-mode, and it is thus expected to reduce bias currents
and the total amount of power consumption. Furthermore, the
circuit is expected to operate accurately due to good matching
accuracy of devices. We fabricated an experimental chip using a
standard CMOS process. From results on the fabricated chip, we
show that the chip generates stable rhythmic patterns to control
robotic locomotion under an actual environment, and consumes
low electrical power.

This paper is organized as follows. In Section II, we pro-
pose a novel CNN-based CPG model for constructing a loco-
motion controller. In Section III, we describe an analog CMOS
implementation of the CNN-based CPG model. In Section IV,
we present the measured results obtained from the experimental
chip. We discuss the advantages and the disadvantages of our
chip in Section V. The summary over the present research is
presented in Section IV.
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Fig. 1. Typical locomotion patterns of mammals, such as walk, trot, and

gallop, in which bold lines and thin lines represent stance and swing phase.

II. CNN-BASED CENTRAL PATTERN GENERATOR

We here propose a novel CNN-based CPG model that enables
interlimb coordination in a quadruped walking robot.

A. Central Pattern Generator

Let us briefly review the biological principles in locomotion
control of animals. Locomotion of animals, such as walking,
running, swimming, and flying, is based on rhythmic move-
ments, which are generated by a biological neural network
known as CPG [2]. CPG consists of sets of neural oscillators,
situated in the ganglion or the spinal cord. Induced by inputs
from higher level, a CPG generates a rhythmic pattern of neural
activity automatically. This rhythmic pattern activating the
motor neurons induces rhythmic movements of animals. While
not necessary for generating the rhythmic movement itself,
sensory feedback modulates the frequency and phase of the
rhythmic pattern generated by CPG. Consequently, CPG adapts
itself to varying situations [3].

One of the most fundamental functions of CPG is to control
individual limbs. As a result of interacting with CPGs that ac-
tuate muscles at each joint of limbs, rhythmic movements in the
individual limbs are stabilized. Another is cooperation between
limbs, i.e., interlimb coordination. CPGs that control each of
the limbs are synchronized via their coordinating interneurons,
and thus interlimb coordination is achieved. Since the degrees of
freedom of physical parts relevant to locomotion are very high,
the coordination of physical parts, such as interlimb coordina-
tion, is necessary for stable locomotion [3].

In locomotion of animals, different patterns of interlimb co-
ordination, called the gait, can be observed. The observed gait is
characterized by a phase relationship in limb movements. Fig. 1
has phase diagrams of typical gait patterns in mammals, such
as the walk, trot and gallop. Here, LF, LH, RF, and RH repre-
sent the left forelimb, left hindlimb, right forelimb, and right
hindlimb. During locomotion, one cycle of each limb move-
ment is divided into two phases, i.e., stance and swing phase.
In the stance phase, each limb is placed on the ground. In the
swing phase, each limb acts as a pendulum swing by muscles
and gravity. Each gait is also considered as the phase-locked os-
cillation of limbs. It is believed that vertebrates, such as horses
and cats, select an optimal gait pattern depending on the given
situation as a result of the changing cooperation of CPGs that
control interlimb coordination [4].
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B. CNN-Based CPG Model for Interlimb Coordination

We here propose a CPG model that underlies the locomo-
tion controller to achieve interlimb coordination in a quadruped
walking robot. Many CPG models have been proposed in pre-
vious works (e.g., [7]-[10]). Most have been constructed using
coupled nonlinear oscillators, each actuating the joints of the
limb.

Arena et al. proposed a class of CNNs as the CPG model to
control locomotion in biologically-inspired robots, such as in a
hexapod robot and a sea-lamprey robot [31], [32]. Their model
can be represented by the following:

i = —ap;+ L+ )y —syi; + 53 M

and

S} =Dyl j Yl Y — i)+ 1 (3)
S3i=D2(yiy Yt VY oty ) H 1D ()

where x? ; represent a state variable, I,L-’fj a bias constant, (z, )
is a grid point in the cell. Here, ;1 and s are coupling parameters,
D,, a diffusive coefficient, and output y;'; = f (a:? j), n=1,
2), which is a nonlinear function usually given by the piecewise
linear function or the sigmoid function.

This model was originally proposed as the reaction-diffusion
(RD) CNN to simulate RD partial differential equations. [30].
The RD-CNN is a class of autonomous CNNs that can produce
various complex spatial-temporal patterns automatically [30],
[31], and it is thus suitable for an artificial CPG to generate
various rhythmic motion patterns to control robot locomotion.

Let us introduce a novel class of CNNs, which is suitable for
implementing an analog CMOS circuit that operates in voltage-
mode. Firstly, we rewrite (1)—(4) as follows:

-1 1 1 2 1
&= —ap;+ g Ai jikYrg — E Bi jikayia + 1 (5)

Kl Tl

-2 2 1 2 2

Ti;=—x;;+ E Ci ik 1Yt — E Dijkaye, +17; (6
Kl Kl

where A; j.x.1, Bijix,1, Csj:k0 and D; ;.1 represent coupling
coefficients, and (k, [) is a grid point in the neighborhood of the
point (, 7). The above formalism can naturally be extended to
include the cross diffusion terms. We then rewrite these equa-
tions in terms of a new state variable v;'; as follows:

ok 1 1 2 1
Ui ;== v+ f § :A’i,j;k,lvk,l_ E Bijkavi 1| (D
k,l k,l

-2 2 1 2 2
v;;=—v;;+f E:Ci,j;k,lvk,z—g D; jivig + 145 (B)
kol Kl

The equations can be derived from (5) and (6) by the fol-
lowing transformation:

1 1 2 1
T ;= E Ai,j;k,lvk,l_E Bi jikeavi +1; ©)
k,l k,l

‘T?J = Z Ci;]’;k,lvi,z - ZDi,j;kJU%J + Ii%j' (10)
.l k.l
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Fig. 2. Multiple-input floating-gate MOS transistor. (a) Chip layout.
(b) Circuit symbol. (c) Equivalent circuit.

The transformation above is an Affine, and its inverse trans-
formation is also an Affine. Thus, (5)—(6) and (7)—(8) are dy-
namically equivalent. In case of f(z) = tanh(x), the above
transformation can similarly be checked. As it is shown in the
following section in detail, the transformation is useful in chip
implementation rather than as a mathematical problem. In ad-
dition, from the biological point of view, the above formalism
is a special case of the Wilson-Cowan neural system [6] whose
components are locally connected within their neighborhood. In
the following, we are going to consider the transformed CNN
equations given by (7)—(8) as a CPG model to do interlimb co-
ordination in a quadruped walking robot.

III. CIRCUITRY ARCHITECTURE

We here describe the implementation of an analog CMOS
circuit with the CNN-based CPG model.

A. Cell Circuit

First, we will describe a cell circuit that constitutes a part of
the CNN circuit. The cell circuit consists of four analog ele-
mentary circuits, i.e., a differential pair, a current mirror, an RC
circuit, and a current source.

The differential pair, the most fundamental components of
the cell circuit, can approximate the sigmoidal function. In the
following, we assumed that the MOS transistors comprising
the differential pair operate in weak inversion (subthreshold)
region, thereby, reducing current consumption. The static re-
sponse of the differential pair is represented as [33]

1+ tanh(p(V*T —=V7))
2

L(Vt-v7) =1, (11)
where 1, is the output current of the differential pair, V' and
V'~ the input voltages, I the bias current, 4 = x/2Ur, Ut the
thermal voltage, and « the effectiveness of the gate potential.
By subtracting half the bias current from output current 7,,, the
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Fig. 3. Schematic of cell circuit.

characteristics of the nonlinear function f (), described in Sec-
tion II, can be obtained.

We replace the MOS transistors in the differential pair with
MIFG MOS transistors [35], [36] (Fig. 2), aiming at the opera-
tion of weighted linear summation of voltages. The floating-gate
voltage of the transistor is expressed by the following [36]:

Cep
Vg = Vi
FG Cr D+

Cas Cap

_—
op ST CT

+@+Z—Vl (12)

where V; is the [th input gate voltage, C the capacitance be-
tween each of the input gates and the floating-gate, Vp, Vs and
VB the voltage of drain, source and bulk, () represents an ini-
tial charge in the floating-gate, and the total capacitance of the
floating-gate is expressed by

N
Cr = Cap + Cas + Cap + Y _ Ci (13)
l

where Cgp, Cgs and Cgp represent the capacitance between
the floating-gate and drain, source and bulk, respectively. If the
transistors in the differential pair are well matched, the effect
of the charges in Cgp, Cgs and Cgp can be cancelled. If we
reduce (g to zero, and then the differential voltages between
the floating-gates of the transistors in the differential pair can
approximately be expressed by the following:

lv+Zlv—

where Vi, and Vi, are the floating-gate voltages, V" and V,~
the input gate voltages, Cl+ and C;~ the capacitances between
each of the input gates and the floating-gate.

Fig. 3 shows the schematic of the cell circuit. After the output
current of the differential pair I, is reversed by current mirror,
it is integrated by the RC circuit. The circuit dynamics are ex-
pressed by the following :

V —VSS
where C' is the capacitance, R the resistance, V' the voltage
across the RC circuit, which corresponds to a state variable,
and VSS the substrate voltage. For purposes of setting the equi-
librium voltage of the cell circuit at zero, we set VSS < 0 and

N

V —Veg > (14)

eV =— (Vi — (15)
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Fig. 4. Schematic of unit circuit.

VSS/R + I,/2 = 0. Then, the equation above can be rewritten
as follows:

. 1
CV= — v + gb tanh(p(Vig —

VoI .
_§+§btanh( (Z —Lyt- ZO—ITV,» (17)
——+ F (Zc+v+ ZC Vo ) (18)

where we have replaced F),(z) = tanh(pz/Cr).

(16)

1R

B. Unit Circuit

We constructed unit circuit, i.€., a second-order CNN cell cir-
cuit, with two cell circuits. Fig. 4 shows a schematic of the unit
circuit. The circuit dynamics of the unit circuit are given by the
following:

. vt
CV! = — — + SF,(CHVI =033 19)
. V2 I
CV? = = — + JF,(C*VY) (20)
where V! and V2 represent the voltages of the first and
second cells, C™E" the coupling capacitance, (m,n = 1,

2). The first and second cells interact with each other via
capacitive coupling. This circuit has a trivial equilibrium point,
(V1 V%) = (0,0). The stability of the equilibrium point
depends on all of the physical parameters involved, which is
mainly attained by adjusting capacitive couplings. When the
circuit has only a trivial equilibrium point and is unstable, the
circuit shows oscillatory behavior, a limit-cycle oscillation.

C. Network Circuits

We constructed an entire network circuit with four unit cir-
cuits, connected to each other via capacitive couplings. The net-
work dynamics are given by the following:

. Vi
1 i, b 1+.n v n 1—n v
CVij= - R]+ o chjklvk,l_zczjkl Kl
k,,n k,n
(21)
2
cV? ——V’J+ W Yo cr v - > o
i gik, 0V kLT Z]kl kl
k,n k,n

(22)
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Fig. 5. Coupling configurations of network circuit for generating rhythmic
patterns that correspond to walk, trot, and gallop mode operations.

where V1 and V2 represent the voltages of the first and second
cells, C’Lmjik? the couphng capacitance, (k,!) is a grid point in
the neighborhood of unit (7, 7). The total capacitance of each
floating gate is given by

Cr=Ccp+Cas+Cap+ »_ CI5 +Ch, o (23)
k,l,n
where Cm,l ;,; 18 the capacitance of each of the control gates,

which was added to regulate the total capacitance of the floaring-
gate and connected to grand potential.

Depending on its coupling configuration, the network circuit
generates a different rhythmic pattern. Fig. 5 shows network
configurations that generate rhythmic patterns corresponding to
locomotion patterns of mammals, such as walk, trot and gallop.
Here, the grid points (1, 1), (1, 2), (2, 1), and (2, 2) correspond
to LF, RF, LH, and RH, respectively. It should be noted that
the function of the network circuit considered here is coopera-
tion between the limbs, i.e., interlimb coordination, described in
Section II-A.

Both of the state variables in the circuit and the interaction
between cells are expressed as voltages instead of currents.
In particular, the interaction is implemented by the capacitive
coupling. Consequently, we expect to reduce the total amount
of the power consumption. Furthermore, the circuit can be
expected operate precisely due to good matching accuracy of
capacitances in silicon.

IV. EXPERIMENTAL RESULTS

We designed and fabricated a CPG chip using a standard
CMOS 1.5-pm process. Fig. 6 shows a photograph of the chip
including four unit circuits without RC circuits. We constructed
the RC circuits with off-chip capacitors and resistors so that
we could set any time constant 7 = RC. The unit circuit con-
sists of two cell circuits (Fig. 3). The design parameters of the
cell circuit are listed in Table I. Each of MIFG MOS transis-
tors in the unit circuit has ten input gates, each of which is
28 X x 28 A, (scaling parameter A = 0.8 um). The input gates
were mainly connected to pads, and partly to voltage nodes via
on-chip connections.

A. Measured Results of Unit Circuit

We first confirmed oscillatory behavior of the unit circuit. We
implemented capacitive coupling with interconnections on chip,
and set coupling capacitances as follows:

cttl =0l =50, C*H =30 24)
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Fig. 6. Microphotograph of fabricated chip.

TABLE 1
PARAMETERS OF UNIT CIRCUIT
L(um) | W (pm)
M1,M2,M3 8 48
M4 , M5 8 24

DPO Brightness: 50 %
i
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Fig. 7. Waveforms of measured voltages V'! and V2 in unit circuit.

where C; is the capacitance of each input gate, calculated at
0.29 pF. The total capacitance of floating-gate C'v was esti-
mated at 3.2 pF. For purposes of setting the equilibrium volt-
ages of the unit circuit at zero, we established the circuit param-
eters as follows: the capacitance C' = 100 nF, the resistance
R = 3.3 M(Q, the bias current I, = 1 pA, and the supply volt-
ages VDD = 1.65 V and VSS = —1.65 V. After we had re-
moved initial floating-gate charges by illuminating the chip with
ultraviolet (UV) light, we measured voltages V! and V2 in the
unit circuit under a noisy environment. We calculated the ratio
between the maximum amplitude of the measured voltages and
background noise, i.e, the signal-to-noise ratio (SNR), which
was about 30 dB.

Fig. 7 shows the waveforms of voltages measured in the unit
circuit. Both measured voltages V' and V2 exhibit nonlinear
oscillations. There exists a slightly delay between V! and V2.
Fig. 8 shows aclosed (V'!, V?) phase-plane portrait, where both
the initial voltages V! and V2 were set at VSS. We can observe
a stable limit-cycle oscillation in the unit circuit. To see the sta-
bility of the unit circuit, we reset the voltage V! at VSS sud-
denly (Fig. 9). Despite such a strong disturbance, a staedy-state
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Fig. 8. Closed (V'!,V2) phase-plane portrait of unit circuit, where both the
initial voltages V'* and V2 were set at VSS.
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Fig. 9. Influence of disturbance in unit circuit, where we reset voltage V1 at
VSS suddenly. Despite such a strong disturbance, a steady-state of unit circuit
were recovered promptly.

of the unit circuit were recovered promptly. This indicates that
limit-cycle oscillations in the unit circuit are stable against un-
expected disturbances.

B. Measured Results of Network Circuits

We then checked rhythmic patterns generated in network cir-
cuits. Using the coupling configurations shown in Fig. 5, we
constructed network circuits by connecting unit circuits to each
other via capacitive couplings. The self coupling capacitances
of the unit circuits were set at:

1+,1 _ ~1+,1 _ ~14+,1 _ ~14,1 .
C(LF - CRF - CLH - CRH - 50@
1-2 _ ~1-2 _ ~1-2 _ ~1-,2 .
C’LF - CRF - CLH - CRH - 501

24,1 _ ~2+,1 _ ~24,1 _ ~2+4,1 _ .
C(LF - C1RF - C(LH - CRH - 3C1

where we replaced the grid points (1,1), (1,2), (2,1), and (2,2)
with LF, RF, LH, and RH, respectively. We measured voltages
Vi}j in the network circuits under the same conditions as in the
previous experiments. Fig. 10(a) and (b) show the waveforms
of measured voltages in network circuits in walk and trot mode
operation, respectively.
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In the walk mode, the coupling capacitances between the unit
circuits were set at:

-1 _ =1 =1 = oy
OLF;RH = ORF;LH = OLH;LF = CRH;RF =G

and the others were set at 0 F.
In the trot mode, the coupling capacitances between the unit
circuits were set at:

1-2 _ =2 _ ~1—2  ~N1—2 oy

CLF;RH = CRF;LH = CLH;RF = CRH;LF =G
22 _ ~2-2  _ 2—2  _ 2—2 oy

CLF;LH = CRF;RH = CLH;LF = CRH;RF =205

and the others were set at O F.

If we assume that V1171, VL, Vity, and Vi, create target joint
angles 0pr, Orr, 0Ly, and Ory for a quadrliped robot, then the
waveforms of measured voltages can be considered as the loco-
motion patterns of mammals depicted in Fig. 1. Fig. 11(a) and
(b) show the desired phase relationships between the joint an-
gles for interlimb coordination in quadruped robot locomotion.

In the present experiments, we only considered two coupling
configurations that corresponded to the walk and the trot modes,
because the gallop mode was topologically equivalent to the
walk mode. Had we considered another coupling configuration,
a different rhythmic pattern would have been generated.

By approximately regarding the waveforms of measured volt-
ages as sinusoidal waves, we calculated how much current was
in the chip during operation as follows:

3
power consumption = (VDD — VSS) - 5];, x N

where [V represents the number of cell circuits. We also assumed
the average current through M1 in Fig. 2 was I;/2. In a steady
state, the amount of the electrical power was 39.6 uW.
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Fig. 11. Desired phase relationships for controlling in quadruped robot

locomotion. (a) Walk and (b) trot mode.

These results indicate that our CPG chip generates stable
rhythmic patterns that correspond to the locomotion patterns
in mammals even under a noisy environment, and achieves
low power consumption during operation. Such characteristics
of the CPG chip are suitable for controlling locomotion in a
quadruped walking robot in real situations.

V. DISCUSSION

Let us discuss the advantages and disadvantages of our ap-
proach in analog circuit implementation of a locomotion con-
troller based on the CPG framework.

A. Related Works

First, let us compare between the current and related works
with analog circuit implementation of CPGs, discussed in pre-
vious works [13]-[19]. In the earliest of these, Ryckebusch et al.
implemented small CPG networks as analog VLSI systems [13].
Their circuits are constructed with simple neuron circuits, i.e.,
the Axon—Hillock integrate and fire neuron (IFN) circuits [33].
Althrough their circuits look simple, they capture some of the
essential features of the function of CPGs, such as synaptic
interactions and temporal delays [13]. Still and Tilden imple-
mented an analog CPG circuit based on the Nv neuron circuit
[14]. Their circuit, while quite simple, also contains such essen-
tial features, and succeeded in controlling a quadruped walking
robot [14]. Patel et al. designed an analog CPG chip, based
on the Morris—Lecar neuron circuit, faithfully modeled after a
biological neuron [16]. Lewis and his collaborators developed
analog CPG chips with IFN circuits to control walking robots
[17], [18]. Their chips has sensory feedback loops that help them
to adapt to a given situation.

Although these circuits have advantages, as previously dis-
cussed, it is difficult to determine circuit parameters to generate
the desired rhythmic pattern due to deviations in devices and
the strong nonlinearity in the circuits. Recently, Still introduced
a learning algorithm to achieve the rhythmic pattern they re-
quired into their chip, but it was necessary to control several
bias voltages [15].



NAKADA et al.: ANALOG CMOS IMPLEMENTATION OF CNN-BASED LOCOMOTION CONTROLLER

In contrast, our approach to analog circuit implementation
of CPGs is very easy in terms of determining circuit parame-
ters. We considered a class of CNN:s, i.e., a modified CNN as a
CPG model. The nonlinearity characteristics of our model can
be easily obtained by using a differential pair, and therefore we
can directly implement it as an analog CPG chip. Thus, we can
easily determine the circuit parameters based on the results ob-
tained from the numerical analysis.

Previously proposed CNN-based CPG controllers have been
implemented on silicon chips [31], [32]. Branciforte et al. pro-
posed an analog chip that operates through interaction of current
[31]. Their chip is constructed with many current amplifiers,
and then it has good programability. However, it is difficult to
operate stably without tuning bias currents because of the irreg-
ularity of currents through the current amplifiers. Arena et al.
proposed a hybrid VLSI chip, based on the operational amplifier
implementation of CNN cells [32] and the switched-capacitor
technique [21]. Their chip has an advantage in controlling the
operation speed. However, cells are interacting through currents
in these chips, and thus these chips have problems in terms
of current mismatch and power consumption. Keeping such
problems in mind, we have represented both state variables and
the interaction between cells, i.e., signal, as voltages instead of
currents. In particular, the interactions have been implemented
via capacitive couplings. Consequently, we have achieved low
power consumption during operation. The power consumption
in a chip is usually smaller than in actuators. Nevertheless,
low power consumption is critical in long-term operations in
a micro locomotion robot. In addition, interactions are highly
accurate because of good matching accuracy of capacitances in
silicon, and thus our chip operate precisely.

In our previous work, we designed an analog CPG circuit that
consists of the Amari-Hopfield neuron model [19]. Our pre-
vious works is based on the neural network model proposed by
Nagashino et al. Their model is a special case of the contin-
uous-time recurrent neural network (CTRNN) [10]. The inter-
action terms in our previous circuit are implemented with cur-
rent mirrors. Thus current mismatch is a critical issue to attein
precise operation. In contrast, our present circuit is designed as
an analog voltage-mode circuit, resulting in precise operation.

B. Parameter Setup

We can determine the circuit parameters based on the results
of numerical analysis and circuit simulations. In practice, we
analyzed the equations given by (7)—(8), and then estimated the
coupling capacitances. After circuit simulations using SPICE
macro model for floating-gate devices (cf. [37]), we determined
the coupling configuration for a practical circuit. However, we
need to note that the coupling configuration has been partly de-
termined by the layout of the fabricated chip. This means that
the input-gates are mainly connected to pads, and can be recon-
nected to any voltage node V;";. Thus, we can change the op-
eration mode by switching the voltage nodes connected to the
input-gates.

To set the time constant required to control locomotion in a
practical robot, we used off-chip capacitors and resistors. If the
time constant required for operational speed is nearly equal to
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animals such as horses, we need a large capacitance or large
resistance, which is difficult to obtain on silicon chips.

C. Practical Problems for Precise Operation

Our CPG chip is assumed to operate in the weak inversion
region to reduce current consumption. However, it can also op-
erate in both moderate and strong inversion regions since the
transfer characteristics of the differential pair are qualitative the
same in all operation regions. If the bias current is increased, the
current gain of the differential pair is decreased. Consequently,
the amplitude of the waveforms of voltages V;"; are increased.
We should set the supply voltages, VDD and VSS, so that they
are greater than the expected maximum amplitude of the wave-
forms of the voltages V";.

Mismatch in a pair of transistors can seriously affect the offset
voltage of a differential pair and the current transfer ratio of a
current mirror. Such mismatch can be reduced by enlarging the
size of transistors. The deviations in leak current of MOS tran-
sistors in silicon are a function of gate width W and gate length
L [21]. If we make transistors larger, the deviations can be re-
duced. The value of leak current is also depends on the aspect
ratio of W/ L, and thus excessively large transistors will degrade
the performance of our chip. We optimized the parameters as
listed in Table 1.

The main practical problems with our chip is the initial
floating-gate charge that also affects the offset voltage of the
differential pair. If we remove the floating-gate charge by
illuminating the chip with UV light as used in Section 1V, this
problem would be improved.

VI. SUMMARY

We have presented analog CMOS implementation of a
CNN-based CPG model for locomotion control in a quadruped
walking robot. We have introduced an affine transformation
of CNN equations, and have designed it as an analog CMOS
circuit using MIFG MOS transistors, aimed at voltage-mode
operation. We have fabricated an experimental chip using a
standard CMOS process. Through several experiments on the
fabricated chip, we have shown that our chip generates stable
rhythmic patterns that correspond to the typical locomotion
patterns of mammals even if under a noisy environment, and
low power consumption is realized. These characteristics are
sufficient for a CPG to do the interlimb coordination required
in quadruped robot locomotion.

Following the present research, we are going to develop a
practical locomotion controller for a quadruped walking robot.
The present chip has not been fully implemented as a locomo-
tion controller. We have only implemented the second function
of CPG described in Section II-A, i.e., interlimb coordination.
The first functions of CPG, i.e., controlling the trajectory of in-
dividual limbs, can easily be implemented by feedforward con-
nections of unit circuits in the chip. However, it is difficult to
determine the coupling capacitances and time constant because
these depend on the physical parameters of a practical robot,
such as the length of joints and the mass of limbs. Furthermore,
the integration of sensory feedback between the state of the limb
and the state of the unit circuit in the chip is required for stable
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Fig. 12. Block diagrams of complete locomotion controller.

locomotion. If a sensory feedback signal, such as a joint angle,
is directly fed into an input-gate as voltage, and mutual entrain-
ment between the limb and unit circuit can occur, this result will
in adaptation to an unexpected disturbance. Such entrainment
can be confirmed through numerical analysis using (7)—(8) de-
scribed in Section II-B. For future developments, we have con-
sidered a complete locomotion controller, as depicted in Fig. 12.
We assume that the output voltages of the chip give target joint
angles to dc servo motors that drive joints of a quadruped robot
using pulse wide modulators, and sensory signals are directly
fed into the chip. Developing and evaluating of a locomotion
controller in a practical robot are further considerations.
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