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A PWM Analog Memory Programming Circuit for Floating-Gate MOSFETs
with 75-;1s Programming Time and 11-bit Updating Resolution

Shigeo Kinoshita, Takashi Morie, Makoto Nagata, and Atsushi Iwata

Abstract—This paper describes a programming circuit for
analog memory using pulsewidth modulation (PWM) signals and
the circuit performance obtained from measurements using a
floating-gate EEPROM device. This programming circuit attains
both high programming speed and high precision. We fabricated
the programming circuit using standard 0.6-um CMOS tech-
nology and constructed an analog memory using the programming
circuit and a floating-gate MOSFET. The measurement results
indicate that the analog memory attains a programming time of
75 ps, an updating resolution of 11 bit, and a memory setting
precision of 6.5 bit. This programming circuit can be used for
intelligent information processing hardware such as self-learning
VLSI neural networks as well as multilevel flash memory.

Index Terms—Analog memory, EEPROM, flash memory, mul-
tilevel programming, pulsewidth modulation.

[. INTRODUCTION

LTHOUGH many VLSI digital storage techniques have
A been developed, direct analog storage or multilevel dig-
ital data storage is more effective in applications such as voice
recording [1], [2], neural networks [3], [4], or multivalued logic
systems. Multilevel programming in flash memory is also rec-
ognized as an effective technique for high-density mass storage
[5].

Floating-gate devices can retain analog data for long periods
and constitute practical nonvolatile analog memory in the
present LSI technology. Therefore, many analog memory
circuits and devices using floating-gate structures have been
proposed [1], [2], [6]-[11]. In these reports, most programming
circuits for conventional floating-gate structures use feedback
control in the programming loop consisting of write and
read/verify periods [1], [2], [5]. Because the write process
usually uses Fowler-Nordheim tunneling, which has exponen-
tial characteristics to the applied voltage, write pulses with a
constant voltage are used to improve the controllability. In these
feedback control methods, since write pulses with a constant
width and voltage are used, a tradeoff between programming
speed and precision is employed. For example, programming
time of a few hundred microseconds is required for achieving
6-8-bit precision [5].
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We have already proposed new programming circuits using
pulsewidth modulation (PWM) signals for nonvolatile analog
memory [12]. We have also demonstrated both fast speed angd
high precision by means of circuit simulation (HSPICE). The
programming circuits can update memory in both incremental
and decremental directions, and they also attain high updating
resolution, which is important for applications in neural net-
works [3], [4].

[n this paper, we report the measurement results of an analog
memory using a floating-gate EEPROM device controlled by
one of the programming circuits proposed in [12] that has been
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designed and fabricated using standard CMOS technology. Sec-

tion I describes the designed programming circuit. Since this
programming circuit generates asynchronous control pulses, it
can operate independently. Therefore, it allows faster program-
ming than does the synchronous updating circuit. Section 111 de-
scribes the fabricated chip and its feed-forward control charac-
teristics. Section IV describes the measurement results of the
analog memory.

II. A PWM PROGRAMMING CIRCUIT

Fig. 1 shows an analog memory circuit consisting of the '

programming circuit, a floating-gate MOSFET, and two
high-voltage switches (HVSWs). This programming circuit
generated PWM . signals based on the voltage difference
between the stored data, Vour, and the target, Viap. The
floating-gate MOSFET updates its stored value Viyr by
means of the PWM signals.

This programming circuit includes a differential amplifier
(AMP), a comparator (CMP), a latch circuit (LATCH), and a
clock pulse generator (PGEN). As shown in the timing diagram
in Fig. 1, the programming operation is asynchronous and
autonomous.

The programming operation proceeds as follows. Here, the
numbers of the parentheses correspond to those in the timing
diagram shown in Fig. 1.

1) Initialize: by clock ¢y, switches S, Sy and S, are closed.
Both inputs of AMP are set at Vipy g and node ns is set at
the threshold voltage of inverter U/; . This operation com-
pensates for the offset of AMP and inverter {/,.

Clock pulse ¢, is generated by PGEN: by the termina-
tion of clock ¢, (1), node ng is set at the High level 2
because there is no write pulse at either node ng or 17-
Then, capacitor C'g, is connected to current source /3 and

(3]

is charged up (3). At the same time, clock pulse ¢2 ap- £

pears at node 1o (3).
3) Switches S| and Sy are opened by the termination of

|
|
|
|

clock ¢y, and switches Sy, S and S5 are closed by clock
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Fig. 1. Memory circuit and its schematic timing diagram when Vout < Vpar. The numbers in the timing diagram indicate the order of causality.
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Fig. 2.
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Chip photograph of the programming circuit,

o Voltages Vour and Vipa i are fed into AMP, and node
7+ is set at the output voltage of AMP.

If Vour < Vpear, capacitor C is charged up. Comparator
CMP detects which larger Vour or Vipar is, and LATCH
holds this information. In this case, node n4 is set at High,
and the output of LATCH, namely n5, also holds the High
level (4).

When the voltage of node ng exceeds the threshold
voltage of the inverter {/5 (5), pulse ¢ terminates (6).
Node ng is set at High (7). At the same time, switches
S5, Sy and S are opened. and switches S and S are
closed. Since node n; is High, switch Sy tarns on. Capac-
itor (' is connected to current source /; and discharged.
Thus, the voltage of node no lowers (7). Because ng is

set at High, node ng is set at Low (8), and capacitor C'r
is discharged (9).

When the voltage of node no falls, inverter [/, inverts
(10), and node ny4 is set at Low (11). Then, node ng is also
set at Low (12). Thus, a PWM write pulse is generated
at node ng. It supplies high-voltage Vj,p, to the control
gate of the floating-gate MOSFET during the period of
the pulsewidth, and Voyr rises and approaches Vrag.

On the other hand, if Vour > Vrar, capacitor €' is ini-
tially discharged. Node ns is set at Low and switch Sy turns
on. Capacitor C' is charged up, and then a PWM write pulse ap-
pears at node nz. Voltage Vour lowers and approaches Vrarg.
Finally VouT becomes equal to Vrar by repeating this opera-
tion. The offset compensation operation triggered by clock ¢ is
performed only once at the first step of the entire programming
operation.

The programming speed and resolution depend on the gain
of AMP as well as the characteristics of current sources [; and
I,. Therefore, these characteristics should be carefully adjusted.
On the other hand, the saturation characteristic of AMP reduces
the programming speed when Voyr is far from Vyapr because
the width of the PWM updating signals is limited. However,
this nonlinear characteristic is useful because the gain can be
adjusted arbitrarily irrespective of the limited output range of
AMP.

6)

I11. FABRICATED CHIP AND ITS PERFORMANCE

A. Fabricated Chip

We fabricated the programming circuit by using a 0.6-pm
double-poly triple-metal CMOS process. Fig. 2 shows the
micro-photograph of the programming circuit. The circuit size
is 215 x 180 pm?.
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Fig. 3. Measurement results of the programming circuit in feedforward
operation, which shows the relationship between (Vour — Vian) and the
pulsewidth of PWM output signals. Voltages Vi, and V4, are the bias voltages
of n- and p-MOSFETs used as current sources [, and [, shown in Fig. I,
respectively, which are the parameters related to the pulsewidth conversion
ratio. PWM(+) indicates PWM pulses increasing Vour, and PWM(—)
indicates those decreasing Vour.

B. Feedforward Control Characteristics of the
Fabricated Circuit

We measured the feedforward characteristics of the fabricated
programming circuit. We fed voltages Vur and Vpag into
the programming circuit as the input signals, and observed the
PWM output signals. The supply voltage was 3.3 V.

Fig. 3 shows the measurement results of the programming
circuit, which demonstrates the relationship between (Vour —
Vrar) and the pulsewidth of the PWM output signals. The satu-
ration characteristics shown in Fig. 3 reflect the characteristic of
AMP. When (Vout — Vrar) is large, the pulsewidth is almost
maximum and constant, and therefore the update is maximum.
When the difference is small, the pulsewidth is proportional to
the difference. Therefore, Vour precisely approaches Vipag.

Fig. 4 magnifies the region near Vouyt — Vrar = 0 in Fig. 3.
The minimum pulsewidth is about 20 ns, and the minimum
value of |Vour — Vipar/| is about 1 mV. If the full scale of Vour
is assumed to be 1 V, this indicates 10-bit resolution.

IV. ANALOG MEMORY PERFORMANCE OF A FLOATING-GATE
MOSFET CONTROLLED BY THE FABRICATED PROGRAMMING
CIRCUIT

A. Experimental Setup

We measured the performance of analog memory using a
floating-gate MOSFET controlled by our fabricated program-
ming circuit. The floating-gate MOSFET used was fabricated
by using a conventional EEPROM process, and its gate length
and width were 0.75 pm and 2.2 pm, respectively, '

Fig. 5 shows the experimental setup. Each of high voltage
switches (HVSWSs) consists of two resistive-load NMOS
inverters using commercially available MOSFETs (2SK2731)
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Fig. 5. Experimental setup for analog memory operation using the fabricated

programming circuit and a floating-gate MOSFET.

and load resistance of 100 Q. PWM pulses PWM(+) and
PWM(—) are fed into the HVSWs, and converted into
high-voltage PWM signals. The high voltage V,,,, or Vpps 18
supplied to the floating-gate MOSFET during the period of
the pulsewidth. Thus, Vur is updated and approaches Vrar-
In order to achieve fast and high-precision programming, W€
performed asymmetric programming by setting Vi, # Vppss
i.e., the update rate was set large when Vour > Vrar. and .
it was set small when Vour < Vpapr [12]. We recorded the
number of pulses applied to the floating-gate MOSFET, N pulses
and the memorized voltage Vour.

B. Experimental Results and Discussion

Fig. 6 shows the programming performance: the relationship
between Np,uise and Vour. The solid line shows a programmiﬂg
result of our system shown in Fig. 5. Since the asymmetric pro-
gramming method was used, this result shows the worst casé
from the viewpoint of programming speed. At the bcginning")f
programming (Vout = 1.6 V), the pulsewidth of PWM write
signals was 1.8 pts. On the other hand, when Vo approachﬁd
to Vrar (Vout = 2.6 V), the pulsewidth was 200 ns.
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pulses Nyuise and Vour. The solid line shows a programming result of our
! system. The two broken lines show results with constant-width pulses having
the initial pulsewidth (1.8 ys) and the final one (200 ns), respectively.

In order to clarify the effectiveness of our variable-pulsewidth
programmmg method, we also performed the conventional pro-
gramming method using constant-width pulses, where the write

: pulsewidths Tyiaqen are 1.8 ps and 200 ns. The results are also
! shown in Fig. 6.

Our PWM method required 50 pulses in order that Vi con-
verges to Vipa g, which indicates a programming time of 75 ps.
| When we used constant pulses whose width (Tyidcn) was 1.8
s, Vour arrived at Vpar by 30 pulses. This is faster than the
. PWM method, but a large update value of 14 mV leads to lower

, Tesolution around 6 bit when the full scale is assumed to be 1
- V.In contrast, the PWM method can update with a resolution of

' about 0.5 mV near Vpag, which corresponds to 11-bit resolu-
tion.

On the other hand, if we want to obtain an update resolution
of 0.5 mV using constant pulses, their width must be 200 ns. In
this case, 3500 pulses are required to reach Viar. This means
that the programming time is more than 700 ps. Thus, the PWM
method can achieve analog programming ten times faster than
the method using constant-width pulses.

It is noted that the relation between total pulsewidth (Tiqen %
N, pulse) and V. is different for the case of Tyiqen = 200 ns and
that of 7.,;q, = 1.8 ps. This is because the output pulses of
the HVSWs have gradual rise characteristics, which is usually
equired for improving the reliability of floating-gate devices in
the write/crase operation.

Fig. 7 shows the setting error of Voo as a function of Vpag.
Because of asymmetric updating, Vour always approach Viar

Under the condition that Vour < Viagr. If the controllable .

. fange of Vi, ;¢ is assumed to be from 1.6 V to 2.6 V, the max-
mum error is 11 mV. This achieves 6.5-bit precisidn.

. Here, let us discuss the temperature dependence of the

Lpel'formance. If the readout temperature differs from the

1289

VouT ~ VTAR MmV]

1 1.5 2 2.5 3
Vrar V]
Fig. 7. Setting error of Vo as a function of Vpap. Vour is always lower

than Vipan because of asymmetric updating.

programming temperature, an error can occur because of
the temperature dependence of the floating-gate MOSFET
characteristics. This error, however, can be minimized by using
a MOSFET that has the same temperature dependence as the
floating-gate MOSFET instead of the resistor 1. This is because
Vour is determined by the ratio between the ON-resistance of
the floating-gate MOSFET and the resistance .

The retention time of the floating-gate memory device also
depends on the ambient temperature. For analog memory oper-
ation, this effect was evaluated using real devices. It has been re-
ported that the retention accuracy was about 6 bit for 15 years at
more than 125 °C [4]. Although this result was obtained using a
different device from that used in the experiment described here,
it supports our assertion that the analog memory described here
can maintain the above setting precision over a wide range of
ambient temperatures.

V. CONCLUSION

We measured the performance of analog memory consisting
of our PWM programming circuit fabricated using standard
CMOS technology and a floating-gate MOSFET fabricated
using EEPROM technology. The measurement results showed
6.5-bit setting precision and 11-bit updating resolution when
the voltage setting range was assumed to be 1 V. Its program-
ming speed was 75 ps in the worst case using the asymmetric
updating operation. A comparison with the experimental results
using constant-width write pulses confirmed that our PWM
programming method has 30 times finer updating resolution or
10 times faster programming speed than conventional methods.
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