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Abstract

Refreshing dynamic circuits must be carried out be-
fore stored voltages reach unacceptable levels. In this
paper we present CMOS circuitry that can be used to
sense the integrity of stored data, provide timely re-
freshing to these dynamic circuits and provide high
performance. Differential amplifiers are used to pro-
vide the difference between a degrading stored voltage
and a reference voltage. This difference gets converted
to a single-ended output which serves as the refresh
trigger. Memory arrays are used as test beds to ver-
ify the functionality and effectiveness of these circuits.
The circuits considered in this paper are suitable for
use in high speed, low power and high density memory
arrays.

1 Introduction

Low power dissipation, high density, and high per-
formance are among the most important issues in
VLSI circuits and systems. A number of techniques to
maintain low power dissipation and give high perfor-
mance have been developed; however, with transistor
miniaturization there is a trade-off between high speed
and low power dissipation depending on the threshold
voltage and the power supply voltage [1]. In dynamic
storage elements high performance can be compro-
mised when the stored charge at these dynamic cir-
cuits gets degraded, due to leakage current [2],[3],[4].
Dynamic circuits, therefore, require refreshing of the
stored charge. Care must be taken to refresh these cir-
cuits before unacceptable voltage levels occur. On the
other hand, circuit refreshing before there is a need to
do so leads to an increase in dynamic power dissipa-
tion.

A predetermined frequency at which to carry out
the refreshing of dynamic circuits is often used [3],[4].
This frequency is determined by computing the time it
takes for the voltage at a dynamic circuit to degrade to
the lowest acceptable value. The definition of leakage
current Ip = Ijeakage = Is(€"2/™VT — 1) is used as a
basis to compute the refreshing frequency [3]. Where
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Vp is the maximum voltage at the dynamic node and
Vr is the thermal voltage. Knowledge of the leakage
current and the node capacitance value allows for the
computation of the change in voltage with respect to
time, hence the ability to determine the frequency at
which the dynamic node can be refreshed. However,
this method requires a number of parameters to be
determined and these parameters could vary for ev-
ery silicon wafer. Use of circuitry to sense the voltage
level at these storage nodes on the other hand does
not require knowledge of any of the parameters asso-
ciated with leakage current. We investigate the use of
such circuitry in refreshing dynamic content address-
able and random access memories.

In this paper we present the use of two differen-
tial amplifiers in sensing the voltage levels in dynamic
memory arrays. To minimize static power dissipation
within the differential amplifiers we use clocked CMOS
logic [4],[5]- In Section 2 we present a system descrip-
tion, providing a block diagram that depicts how the
refresh trigger signal is generated. In Section 3 cir-
cuitry to generate a reference signal and a test signal
representative of stored data in memory and compare
them is described, and in Section 4 we provide some
concluding remarks.

2 Self-timed Refreshing Scheme

Refreshing a memory array requires use of a circuit
that can provide a refreshing sequence. This circuit
indicates the row that needs to be refreshed. In our
approach once the refreshing process starts, it contin-
ues until the entire memory array is refreshed. This
process however should be made transparent (or hid-
den) to other memory modes of operation [6],[7].

The refresh sequence circuit could take the form
of a shift register where only one row is selected and
this selection shifted to select the next row. Another
approach could be to use an address decoder and a
counter; where the counter could start counting from
0 and progress towards the maximum number of en-
tries. The shift register approach needs clock, reset,
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and refresh trigger (rtrigger) signals. The reset sig-
nal sets the circuit to point to the first row to be re-
freshed. The refresh trigger (rtrigger) signal initiates
the refresh process. Thus, this signal is set when there
is a need for refreshing. The goal is to set rtrigger as
less frequent as possible in order to avoid unnecessary
refresh cycles that consume power.

Figure 1 shows a block diagram of the circuitry that
generates the rtrigger signal. A test memory cell which
represents closely the memory array’s cells is used to
monitor a degrading stored signal. A reference sig-
nal is required to compare with the degrading stored
signal; this signal is generated in the reference signal
generator. A differential amplifier is required to com-
pare these two signals and provide the difference, this
is accomplished by the use of the NMOS differential
amplifier. The difference between the reference signal
Vres and the stored signal V; has to be converted into
a single-ended output. The CMOS differential to digi-
tal converter shown as the last block in Figure 1 serves
to convert the difference between V,o; and V; into a
single-ended output.
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* Figure 1: Block diagram of refresh trigger generator.

3 Refresh Trigger Signal

Dynamic circuits require periodic refreshing, in or-
der to preserve the stored signal within acceptable lim-
its. Dynamic random access and content addressable
“memories are some of the systems that require periodic
refreshing {7]. There is a need to design circuitry to
control the refreshing rate of the dynamic circuits. In
this paper we present circuitry that provides a mecha-
nism to trigger the refresh cycle when the voltage level
is close to an unacceptable level. Several circuits have
been designed to meet this goal and each has a spe-
cific function. Differential amplifiers have been used

to sense the difference between the stored signal and a

reference signal; and the results from this comparison
are used to trigger a signal that initiates the refresh
cycle. Two differential amplifiers have been used to

meet the design’s requirements. Each differential am-
plifier requires two input signals. For the first ampli-
fier these signals are the reference signal and a signal
from a test memory cell, while the second amplifier
uses the outputs from the first one as its inputs. The
reference signal is kept constant at approximately 2
volts, (this being the minimum value to which we al-
low the stored “1” in the memory array to degrade to).
The test cell stores a logic 1, that degrades with time
and is monitored by way of the differential amplifiers.

3.1 Reference and Test Signals

The reference signal generator has been designed
with the objective of keeping transistor count to a
minimal, yet producing a very reliable circuit. The
reference signal is shown in Figure 2(a), this circuit
consists of four transistors and a write line. Transis-
tor T, serves to pass a logic 1 to the storage element
whenever the write line signal is at logic 1. The gate
of transistor T, serves as the storage element for this
dynamic circuit and allows a logic 1 to be passed to
node V. once a “1” has been written to V,..;. We have
included transistor T} to provide a temporary leakage
path from the stored signal V;.; to ground. This is
necessary in order to reduce Vies from Viy — V;y, to
the lowest acceptable value to which a stored “1” is
allowed to degrade to. Transistor Ty, is always con-
ducting in order to drain node V;. and eventually turns
transistor Tj off. Transistor ratios play an important
role in the design of these circuits. Most of the tran-
sistors are configured to operate as resistors instead of
switches, therefore, their gate lengths are made large,
in order for the transistors to offer the required resis-
tance. To maintain V,.y at a constant voltage level,
the write line signal is periodically raised to logic 1 in
order to pass a “1” to the storage node. Figure 2(b)
shows a plot of the generated reference signal. The
simulation results on this figure shows the reference
signal degrading to approximately 2.4V. If the simu-
lation time is extended the target reference voltage of
2V is reached.

The test cell that stores the degrading signal, rep-
resentative of a logic 1 stored in any of the cells in a
memory array appears in Figure 3. This circuit has
four transistors, bit, write and read lines. Transistors
Tw1 and T2 are in series and serve to pass a logic value
from the bit line to node V,. The series combination of
Tw1 and T'yy passes a voltage slightly smaller than the
voltage in a memory cell where only one transistor T,
is used. Thus, this voltage is going to degrade faster
than a “1”stored in the memory array. This provides
a safe margin in refreshing the stored data, allowing
refreshing to take place before the stored voltage de-
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Figure 2: The reference signal generator.

grades to an unacceptable level. Transistor T,; allows
~ the logic value on the bit line to be compared with the
stored value at node V;, while T, is included to avoid
having a direct path from the bit line to ground, with
V; at logic 1. When conducting transistor T}, ensures
that node V is at logic 0. If the write signal is kept at
logic 0, for a prolonged time after writing to node V,
leakage current will cause the degradation of a stored
“1” at this node. A stored “0” has been determined
not to increase in value when stored. There, is there-
fore no test cell to monitor the behavior of a stored
“0” in the design. Once a logic 1 has been written to
V; the data presented on the bit line is made either a
logic one or a logic 0 and is changed from time to time
to represent the data presented on the bit lines of the
memory arrays. The circuits of Figures 2(a) and 3,
provide the input signals to the first amplifier.

bit line

Tw1
write]
T2
Vs
T V;

T 224
\V/

Figure 3: The test cell.

3.2 Comparing Reference and Test Signals

MOSFET differential amplifiers have been studied
for a number of years [3],[5]. They carry different
names based on different configurations. In this study
we use an active load NMOS differential amplifier to
compare two input signals and a CMOS current mirror
(differential to digital converter) to provide a single-
ended output. The NMOS differential amplifier has as
its input signals: a reference signal generated by the
circuit of Figure 2(a) and a degrading logic 1 stored
in the test cell of Figure 3 which represents a stored
“1” in a memory array.

The circuit of the NMOS differential amplifier ap-
pears in Figure 4(a). Transistors T}; and T} constitute
the resistive active load of this amplifier. The gates
of these two transistors are connected to the power
supply, causing them to conduct all the time. Large
values for their gate lengths have been used to en-
sure that they present a large resistance. The gate
width to gate length ratios for the load transistors
are 10:8, and these values have been determined using
simple KVL and KCL analysis. Transistors Ty and
T, are driven by the reference signal from the refer-
ence signal generator and the stored signal from the
test cell respectively. Transistor Ty.s is also resistive
with a width to length ratio of 19:17 while that of T,
is 10:8. Vyes is a constant signal, keeping transistor
Trej on constantly. This implies that there is always
a path from the power supply to ground, since tran-
sistors Tj1, Trey and T, are always conducting. The
output voltage Vy;zs, therefore has to attain a con-
stant value. Transistor T, conducts better than Tj..y,
allowing Vy;5s to be discharged to logic 0 (1.5 V), as
long as the stored signal from the test cell is a “good”
1. The voltage difference between Vy;ss, and Vysys is
at its maximum at startup. As V; decreases, Vaisyss,
approaches the value of node Vyizz,. When V; finally
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has an equal value to that of V,.; the difference be-
tween Vyissr and Viipss becomes zero. This is the
point of interest since the reference signal is the low-
est acceptable value a stored logic 1 will be allowed
to degrade to. Figure 4(b) shows a plot of Vy;z4, and
Vaisgs- It can be seen from the figure that the differ-
ence between the two outputs does not get to zero, but
does approach zero and is small enough to produce the
signal required to trigger the refresh cycle.
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(b) Differential amplifier outputs.

Figure 4: The NMOS active load differential amplifier
and a plot of the outputs.

The outputs of the differential NMOS amplifier
(Viaiggr and Vyigge) serve as the input to the CMOS
differential to digital converter which transforms these
two inputs into a single-ended digital output. Fig-
ure 5(a) shows the differential to digital converter.
The transistors that form the current mirror are Tem1
and T2, and their gates are connected to the drain
of transistor Tema. If Viisgs is at logic 0, transistors
Temi and Ty will not conduct since node V; will not

be at logic 0. In Figure 4(b), it has been shown that
Vaifts is initially at logic 0, hence transistors T,,,; and
Tema are off. As Vyipp, makes a gradual transition to
logic 1, transistor Tpqo starts conducting, discharging
node V,;. This sets the gates of transistors Te,,; and
Tem2 to logic 0, and causes node Vo to charge up.
Initially node Vo is at logic O since transistor Tpq
is always on, but poorly conducting. Transistor Tpq1
has been made to conduct poorly in order to avoid
rapidly discharging node V,,¢ once T,y starts con-
ducting. When the current mirror pair start to con-
duct node V,,,; makes a transition from logic 0 to logic
1. Figure 5(b) shows a plot of the single-ended out-
put. Vo makes a transition from logic 0 to logic 1
at the time the difference between Vy;zz, and Vaigss
is approximately zero; when V;.; is equal to V5.
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(a) Differential to digital converter.
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(b) Single-ended output and its inverse.

Figure 5: The CMOS active load differential amplifier
and a plot of the outputs.

The NMOS differential amplifier always has a di-
rect path from the power supply to ground, and thus
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dissipates power continuously. The CMOS current
mirror has a similar situation once node Vj is dis-
charged. To prevent continuously dissipating power,
clocked CMOS gates have been used. One p-type tran-
sistor has been added to each of the amplifier circuits
of Figures 4(a) and 5(a). This scheme is shown in
Figure 6. This p-type transistor has been included
at the drains/sources of the load transistors and its
gate is clocked by the inverse of the clock that drives
the T, transistors of the two amplifiers. Using clocked
CMOS reduces power dissipation since the direct path
between V4 and ground is not present all the time.
The circuits described above are used in high density
memory arrays. Only one instance of the circuitry
described above gets included in the system.
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Figure 6: Clocked scheme to reduce power consump-
tion.
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4 Concluding Remarks

In this paper we have proposed circuitry that can
be used to sense the levels of stored data and ensure re-
freshing of such data if it has reached a low acceptable
level. Our circuitry takes into consideration power dis-
sipation and high speed operations. Since both differ-
ential amplifiers may draw current constantly, clocked
CMOS gates have been used in order to minimize
power dissipation. A memory system has been used to
determine the functionality and effectiveness of the de-
sign. We have presented circuits to trigger the refresh-
ing process of dynamic circuits in content addressable
and random access memories in order to maintain low
power dissipation and operating at high clock rates.
‘We have used a differential amplifier to compare a sig-
nal that represents degrading stored voltages and one
that serves as the minimum value to which the stored
signal is allowed to degrade to and still be considered
a valid logic level. The difference between these sig-

nals gets converted into a single-ended digital output
by means of a CMOS differential to digital converter
circuit. The output of the differential to digital con-
verter provides a refresh trigger; a signal which initi-
ates the refresh cycle. A dynamic CAM based system
that uses the proposed self-timed refresh approach has
been fabricated using CMOS technology.
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