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Abslract. Analog neuron circuits based on both frequency modulation and pulse modulation are investigated. The 
circuits are compared in terms of size, power, performance, and reliability; frequency modulation shows advantages 
in each area. Test circuits were designed and fabricated in 2/zm CMOS technology. The frequency modulated 
neuron has an operational frequency of 3.125 MHz and a dynamic range of 17 bits. Our results indicate that this 
circuit technique may provide substantial advantages in high-performance, low-power neural systems. 

1. IllLtroduction 

A neuron circuit implements the function 

y = f I ~ =  1 wig t (1) 

wherefis  a bounded odd real function, y is the output 
of the neuron, xi is a component of the input vector 
X, and wi is a component of the weight vector W. We 
assume that y, xi, and w i are bounded real numbers. 

Several analog neuron circuits have been developed 
based on unmodulated signaling techniques. An exam- 
ple is the neuron in the Intel 80170NX [1] depicted in 
figure 1. In such implementations the signals are com- 
municated as voltage or current levels. This results in 
low signal-to-noise ratios (SNR) especially for long dis- 
tance on-chip and on- and off-chip (I/O) communica- 
tion. A widely employed technique for maintaining 
SNR over long distances is signal modulation. 

Several researchers have suggested the use of pulse 
modulation [2, 3]. Pratt [2] discussed the theory of 
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Fig. 1. Differential analog neuron circuit with floating-gate weight storage. 
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Table 1. Pulse modulation techniques. 

Pulse modulation techniques 

PAM Pulse amplitude modulation 
PWM Pulse width modulation 
PFM Pulse frequency modulation 
PPM Pulse phase modulation 

neural information encoding in biological systems and 
explained how this knowledge can be used to optimize 
artificial neural networks. Specifically, he investigated 
pulse frequency modulation and binary information en- 
coding techniques, the latter first proposed in [4]. Pratt 
concludes that biological systems use pulse-modulated 
information encoding because it offers unique computa- 
tional advantages over other techniques. Murray et al. 
[3] investigated four pulse modulation techniques shown 
in table 1, and described the theoretical advantages and 
disadvantages. They also compared two pulse-modu- 
lated VLSI designs. 

Many researchers have also explored pulse-modu- 
lated analog neuron circuit techniques [5-8]. Murray 
et al. [5, 6] investigated pulse frequency signaling and 
current summation in biologically realistic neuron cir- 
cuits. Fabricated neuron circuits achieved an operational 
frequency of 1 MHz using 3/~m CMOS. Tomberg and 
Kaski [7] investigated pulse-density modulation tech- 
niques by implementing switched-capacitor and digital 
neuron circuits. The switched capacitor neuron circuits 
operated in simulation at 300 kHz using 2/~m CMOS. 
Meador et al. [8] investigated floating-gate weight 
storage in pulse neuron circuits. These circuits operated 
in simulation at 3 MHz using 2 /zm CMOS. 

These results suggest that PWM, PFM, and PPM 
techniques have substantial theoretical and practical ad- 
vantages over unmodulated system. In this paper we 
introduce a new analog neuron circuit using FM modu- 
lation. FM signals encode information as the frequency 
of a 50% duty cycle square wave, while PFM signals 
encode information in the number of small pulses per 
unit time. 

We compare our PWM and FM neuron circuits and 
conclude that FM circuits have superior operational 
characteristics. 

Section 2 introduces the two neuron circuits con- 
sidered in this paper. Operation of the pulse-modulated 
neuron circuit is described in Section 2.1, and the 
frequency-coded neuron circuit is described in Section 
2.2. Results from a fabricated test chip are described 
in Section 3. These results include data for both the 
frequency-modulated neuron circuit and the pulse- 
width-modulated neuron circuit. 

2. Implementation 

2.1. Pulse-Width-Modulated Neuron 

Pulse-width-modulated neurons consist of two separate 
sections, synaptic weights and neuron summers. Figure 
2 shows a pulse modulated neuron with four synapses, 
two positive and two negative. The input to each sy- 
napse is a voltage with fixed amplitude, variable pulse 
width, and constant period. The output of each neuron 
circuit has the same signal form as the input to each 
synapse. 

Each synapse is implemented using a single NMOS 
transistor. The polarity of the synapse is determined 
by whether it connects to the negative op-amp terminal 
through a current mirror, whereas the size of the NMOS 
transistor determines the magnitude of the synaptic 
weight. Fixed-magnitude synapses prohibit learning in 
the test circuits but allow an unbiased comparison of 
the two neuron circuits. Floating-gate transistors could 
be used to facilitate adjustable synapses in future de- 
signs. The input to each synapse is a pulse of fixed volt- 
age amplitude and variable time duration, where the 
pulse duration can vary between zero and the period 
of one clock cycle. Voltage pulses at each synapse are 
converted into currents, which are summed at the nega- 
tive op-amp input and stored on C1. 

The output voltage of the op-amp at the end of one 
clock cycle is approximated by equations (2) and (3), 
with the approximation based on the assumption that 
the output swing of the op-amp is linear between Vma x 
and Vmin. The voltage on the feedback capacitor is 
reset at the end of each clock cycle. 

(E6)' t 
V°utput --  f C1 + vbi~ (2) 

'-Vmin, x < Vmin 
f(x) = ~ x ,  Vmi n < X < Vma x (3) 

Vmax, Vma x < X 

Vbias is the voltage on the positive terminal of the op- 
amp, E/j is the current into the negative terminal of 
the op-amp, and At is the clock period. We use a folded 
cascode op-amp as shown in figure 3 optimized for min- 
imum power dissipation and settling time. Assuming 
each synaptic transistor is operating above threshold 
in saturation each/j  in (2) can be expressed by 

W, pulse width 6 = + Cox#n(Zpu so- vt)2(m + VdsXn) At 
J 

(4) 
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Fig. 2. Pulse-width-modulated neuron circuit. 
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where Wj is the width of the input transistor, Lj is the 
length of the input transistor, Cox is the oxide capaci- 
tance, and /~ is the channel mobility. Additionally, 
Vpulse is the voltage level of the input pulse, V t is the 
threshold of the input transistor, Va, is the drain-to- 
source voltage of the input transistor, and k, is the 
channel length modulation constant of the input tran- 
sistor. The plus or minus in (4) represents the polarity 
of the synaptic weight. 

At the end of each clock cycle the output of the op- 
amp is sampled and then converted into a pulse, the 
duration of which is proportional to the magnitude of 
the op-amp voltage. The output of the pulse width 
modulation circuit as a function of op-amp voltage is 
described by 

Pulse width = g°u tpu t  - Vmin At 
Vma x - gmi n 

(5) 

where Vmin and Vma x are defined by the operating 
limits of the neuron circuit. 

2.2. Frequency-Modulated Neuron 

Frequency-modulated systems also consist of two sepa- 
rate parts, synaptic weights and neuron summers. Fig- 
ure 4 shows a frequency-modulated neuron with four 
synapses, two positive and two negative. The input to 
each synapse is a PFM signal, but for the output of each 
neuron circuit we use a 50% duty cycle FM signal. The 
FM signal is used for long-distance communication, 
because its SNR characteristics are superior to those 
of PFM signals. The PFM signal needed for each 
synapse is locally decoded from an FM signal using 
the circuit in figure 5. The input in figure 5 is a 50% 
duty cycle square wave of a given frequency, and the 
output is a PFM signal. This circuit uses local feedback 
and time integration to reduce the effects of device off- 
sets and random noise. 

Each synapse consists of one NMOS transistor. The 
polarity of the synapse is determined by the transistor's 
connection to the neuron. Positive synapses are con- 
nected to the negative feedback loop transconductance 
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Fig. 4. Frequency-modulated neuron circuit. 
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Fig. 5. FM to PFM decoder circuit. 

amplifier, and negative synapses are connected to the 
positive feedback loop transconductance amplifier. The 
weight of each synapse is determined by the size of the 
NMOS transistor. 

Synapses convert PFM signals into charge packets 
which are integrated on C 1 and either enhance or 
retard (depending on the polarity of the synapse) the 
output frequency. The time-varying voltage on CI 
causes the output to oscillate. Assuming the rise time 
of the inverters is sufficiently small, the output fre- 
quency of the neuron is given by 

~- ~ ~ (6) 
foutput ---- g (, 2Cl(Vth _ Vii) 

where 

0, x < O  
g(x)  = x ,  0 < x < fmax (7)  

fmax, fmax < X 

/j is the sum of the synaptic inputs to the neuron, and 
Vth and V a are the high-voltage trip point and low- 
voltage trip point of the Schmitt trigger. 

Assuming each synapse is operating above threshold 
in saturation, each of the synaptic currents is given by 

= -]- ~;; Cox[d'n(Vp ulse - Vt)2(1 + 6 Xn Vds)At finputj 
J 

(8) 

where Wj is the width of the transistor, Lj is the length 
of the transistor, Vpuls e is the voltage of the PFM sig- 
nal, V t is the threshold voltage, Xn is the channel 
length modulation constant, ["as is the drain-to-source 
voltage of the transistor, A/is the duration of a pulse 
in the PFM signal, and fnputj is the frequency of the 
PFM signal at the j th  synapse. The polarity of the 
synaptic weight is determined by the sign in (8). 

CMOS technology with two layers of metal and two 
layers of poly. The fabrication was performed at ORBIT 
through MOSIS. Figure 6 is a CIF plot of the four 
neurons, synapses and associated multiplexers, which 
occupy an area of 0.00531 mm 2 and operate from a 
single 5-V power supply. 

The performance of the neurons was determined by 
driving the individual circuits with either PWM, FM, 
or dc signals (as needed) from off-chip function gener- 
ators. The output of each neuron was observed with 
frequency counters and analog oscilloscopes. The tests 
performed included I/O transfer characteristic measure- 

3. Test Chip Results 

Two PWM neurons and two FM neurons with four 
synapses each have been fabricated in 2 #m p-well Fig. 6. Layout of neuron circuits. 
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Table 2. Neuron test results. 

Neuron test results 

PWM neuron FM neuron 

Maximum operating frequency 500 kHz 3.125 MHz 
Dynamic range 6 bits 17 bits 
Addition linearity error + 1.5 LSB +0.5 LSB 
Supply voltage 5 V 5 V 
Layout area without synapses 2 . 9 e - 4  r e a l  2 1.49e-4 mm 2 
Technology 2 t~m CMOS 2 ~m CMOS 

ment, frequency response measurement,  and weighted 
addition calculations. The results of these tests are sum- 
marized in table 2; note that addition linearity tests were 
conducted using circuits with only 5 bits of accuracy. 

Neuron output waveforms are shown in figures 7 and 
8. These graphs were obtained by stimulating one 

synapse in a neuron of  each type, where the synapse 
sizes were the same. These data were sampled from 
an oscilloscope. I/O transfer characteristics for both 
neurons are shown in figures 9 and 10. These graphs 
were obtained by stimulating one synapse of a given 
neuron (again, the synapse size is the same for both 
neurons). 

The performance of the F M  neuron exceeded initial 
design expectations. Operation is stable, and there is 
generally little circuit performance variation between 

chips. However, the P W M  neuron is difficult to operate 
correct ly and tended to suffer from signal jitter. It also 
exhibited a large performance variation between chips 
in the same lot. 

4. Conclusions 

F M  and P W M  neurons have been designed, fabricated, 
and tested. We have determined that our F M  neurons 
are superior to our P W M  neuron in throughput, dy- 

namic range, size, and reliability. 
The F M  neuron could also be used as a high- 

precision 17-bit current-to-frequency converter. This 
data conversion technique could be used to convert and 
transmit sensor data from VLSI  ICs to the external 
world. Presently most VLSI  sensors use on-chip A/D 
converters, which are large and complex. The FM 
neuron offers a simple and dense alternative for sensor 
data acquisition and transmission. 

We have not investigated a neural system with mul- 
tiple P W M  or F M  neurons. However, we expect that 
neural systems composed of  multiple F M  neurons 
would be more robust than neural systems composed 
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F/g. 7. Output waveform: FM neuron operating at 3325 MHz. 
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Fig. 10. I/O transfer characteristic for PWM neuron. 
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of maltiple PWM neurons. This expectation is related 
to the FM neuron's higher tolerance to parameter varia- 
tions and more robust signal communication technique. 
These characteristics help to minimize single point fail- 
ures and error propagation. 
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