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Figure 1 (Schematic of a Basic CAM Cell)

Figure : 1 shows the schematic diagram of a single bit
Content Addressable Memory, consisting of five MOS
transistors, two cross-coupled inverters and a
capacitor. The transistors M1and M2 are explicitly
controlled by the bus wordline. When the word line is
set high, transistors M1 and M2 conduct and data bit
enters into the latch. Data bit to be stored in the
memory comes from the bus bit / search and its
compliment from not(bit) / not(search). After the data
has been entered into the memory, word line need to
be set Jow to prevent any modification of the stored
data. The three additional transistors M3, M4, M5 are

physical address. On a read access toaCAM every
word is compared to see if it matches the requested
data; therefore only requmng one access. CAMs
are thus gaining increasing i importance due to their
parallel pattern of matching property: [1]. This
property makes them useful in applicatfans suchas
networking, where a quick search is needed for
routing. - CAM is also ap’ important hardwale
primitive to support appllcatlons in the ﬁelds of
artificial intelligence, lmage processing and
databases : :

The ma]or drawbacks ofa CAM as compared toa
Random Access Memory RAM are identified as
design complexity. and energy consumpﬂon_
Though she €nergy:constmed by a' single CAM
cell during its: entire sea_rbh eration may not
seem to: be an’ Issue the power. problem gets
compounded ln‘a larger: oapaclt)gCAM On every
access all Ileaelements of a GAM are accessed
whereasin a RAMronlyga portion used s accessed

The emqﬁy constimption in CAM-structures in a
promr can merefore beeome a major
concern Smalte:

The challenge m the desrgn of a CAM cell is to
reduce energy nconsumptlon in the compane
rl.‘uutry The” compare operations are always
active and area major source of energy dlsslpatlon
_Thrs ‘paper introduces the design’ and -energy
performance simulation of a CAM cell by dual-
threshold CMOS technology The new. dual
threshold CMOS or DTCMOS uses. two different
threshold voltage MOS transistors in the same chip.
lnthis paper we reportt the use of MOS transustors of

_V,H} to achleve energy-performanca optlmlzatron

used for matching. Of the two pass transistors M3 and
M4, only one of the transistors will be activated at a
time since the gates are to the opposite sides of the
memory cell. If the search line matches the value in
the memory cell, M5 will turn off, creating no path to
ground for the matchline, The match line is pre-
charged every cycle[2].

In order to read from the CAM the data bit
corresponding to search is placed on the search and
not(search) lines. One of the two pass transistors M3
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and M4 will pass a high value to the gate of transistor
M5, if no match is found. Otherwise the gate input of
M5, would be set low and match line will remain at its
pre charged value.

The search operation in the CAM is illustrated in the
table 1.

Background

In recent years, scaling methodology for low voltage
designs is targeted towards constant field scaling
primarily due to two reasons:

1. As the VLSI technology moves deeper into the
submicron region, use of constant voltage scaling
gives rise to high-field effects like hot electron
degradation.

2. The expression for dynamic power dissipation in
CMOS circuits is approximately given by

P=CV, f

where C, is the load capacitance and f is the operating
frequency. Lowering Vg, thus reduces the power
dissipation according to the square law. So the use of
low voltage power supply becomes immensely
attractive and almost mandatory for any low power
design. Present day standard is a 1 volt power supply
that offers smaller size and lighter weight devices.
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To recoup the performance, the threshold voltage is to
be reduced to - 0.2V, - 0.2 volt. However
decreasing V; makes the transistors difficult to be
driven OFF. The'sub-threshold leakage current Iy, is
given by /

ke = lon exP[C (vp' r) q/k“
Wherel,, = currentatV, =V

C = aconstant.

The drain current characteristic is $hown in figure 3(a)
and the sub-threshold region has been shown
maghnified in figure 3(b). In 3(b), it is seen that for the
same V,, the sub-threshold leakage current |, foralow
V, transistor is greater than |, for a high V; transistor.
This causes the standby leakage current to increase
significantly in low V;transistors.

However it becomes a different issue as far as the time R : 'D :
delay is concerned. The time delay T, is given by v :‘_:mf "" _"'9 _
-/ /' Subshreshold
TD = CI. VDDI A (VDD- 'I'). ; qu :
; "o . ) ony
where A is a constant and a is another constant D'_ i
between 1.4 and 2 depending upon the technology e
LR Vg
used. : st
Vs = Constant Vs - Constant
As a result, V,, as low as 1 volt leads to drastic e |
performance degradation. Fig. 2 sh?ws the nature of Em £ 5 h“uw )
dependence of propagation delay with Vg, L A o2
Table: 1
World Line Status : Low
BIT not (BIT) Node: a Node : b ‘Node: ¢ Results: | Aﬁgttgaline
- Capacitor '
0 1 1 0 1 discharges Low
' Capacitor .
0 1 0 1 0 remains charged High
' - - Capacitor .
1 _ 0 v ] 0 0 remains charged High
Capacitor
1 0 0 1 1 discharges Low
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As a result, in the standby or hibernating mode, the
low V, transistors drain the battery more
conspicuously. We cannot afford to have drainage of
the power supply in such a rapid manner in devices
like cell phones which remain in the standby mode
most of the time. So to avoid the frequent charging of
the battery and to obtain better battery utilization and
longer battery life, the leakage current in the standby
mode must be reduced.

we want points
_in this region

Power
~ Figure 4

It is intuitively felt that power optimization can be
achieved if we combine high V; and low V; transistors
inthe same chip. The low V, tfnsistors can be used for
the circuit operation to achieve high speed and high V,
transistors can be employed for reducing standby
leakage power [3]. This method is known as the dual-
threshold voltage CMOS (DTCMOS) technology.

Experimental Setup and Results

The spice simulation for the single bit CAM was
performed on 0.2um technology with a V,, of 1 volt.
The simulations were performed in three different
mczdes:

—

Usingall low V. transistors

2. Usingall high V,transistors

3. Using a number of combinations of low V; and
high V; transistors.

We have determined the Energy-Delay Product (EDP)
in the above three modes.

The leakage current in the steady state is calculated by
the signals fed at the different controlled buses as
proposed by the functionality of the CAM circuit. The
effect of the different combinations of input vectors on
the leakage current for each of the three topologies
had been studied (viz. high V, mode, low V; mode,
dual V; mode). The circuit had been simulated using
Cadence-Spectre simulator. For the three modes
mentionéd above, the netlists were almost similar,
only the appropriate models were to be considered. It
is to be noted that leakage power has the same
magnitude as the leakage current because V,, = 1
volt. Only Ampere (A) is to be replaced by Watt (W).
To calculate the energy dissipated by the circuit, we
have considered the definite integral of the power
distribution over the specified time interval.

In calculating delay, we have taken the delay time T,
as the time difference between the instant when the
search operation is initiated and the instant when the
matchline gets discharged to 90% of its initial pre
charged value {1 volt) due to a mismatch. Figure 5
shows the waveforms of the matchfine (shown in blue)
and the leakage'current (shown in green) for a single
bit CAM after data mismatch. The wave shapes shown
in figure 5 were found to be similar in case of
mismatch for all the modes of simulations performed
as mentioned in the subsequent sections.

.

In simulation, we have considered 3 different time
intervals as defined below: :

05 The time imerval between writing a data bit into the memory cell and the
- commencement of the search operation
10ns- 15 The time interval between the completion of the search operation and
ASEINS simulation stop time
0-15ns Simulation period of the transient response
= Transient Response
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-, Figure 5

Figure 6 ( Schematic of a NOT gate)

We have calculated the Energy-Delay product of the single bit CAM using 4 different topologles of NOT gate{asa
part of dual V; simulation mode) as represented in the following tables:

We use the high V; models for the transistor M1, M2 and M5; and low V; modes for M3, M4 (seefigure 1). Table 2
shows the simulation results using 4 different topologies of the inverter shown in figure 5.

Table2 =
Energy Energy Energy -Energy-Delay
Inverter | gissipated dissipated dissipated Time Prodcut over
over the time | over the time | over the time delay the time
PMOS | NMOS interval 0-5 ns |interval 10-15 ns|int¢rval 10-15ns| (inns) | interval 0-15 ns
(in 10™ joule) | (in 10™ joule) | (in 10™ joule) (in 10™ joule-s)
L{’,W L{’/‘” 5.488708 2.007999 1.002999 | 2.420000 | 2.427258
T T
L High
3‘:’ \'/’f 4.892251 1.992636 1.002987 . | 2.420000 | 2.427229
High L |
v v 0.343227 2.003493 1003052 | 2.420000 | 2.427386
T T
High High ;
V. v, 0.784002 2.003493 | % 1.003036 2.420000 | 2.427347
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We use the high V; models for the transistor MI, M2; and low V, modes for M3, M4 and M5 (see figure 1). Table 3
shows the simulation results using 4 differenttopologies of the inverter shown infigure 5. -

Table 3 .
Energy Energy Energy Energy-Delay
Inverter dissipated dissipated dissipated Time Prodcut over
over the time | over thetime | over the time ‘delay the time
interval 0-5 ns |interval 10-15 ns|interval 10-15 ns| (inns) | interval 0-15 ns
PMOS | NMOS (in 10™ joule) | (in 10 joule) | (in 10™ joule) (in 10™ joule-s)
LSW - L{’,W 12.172900 1368956 | 1.003264 | 2.070000 | 2.076756
T T- .
L High
vl 13.488300 | 1.365603 1003259 | 2070000 | 2076746
T T ;
High Lo
v v 2.263445 1.367655 1.003266 | 2.070000 | 2.076761
T T .
High High .
vi v, 3.035074 1366681 1003251 | 2.070000 | 2.076730

Finally, we have performed the simulation using low and high V, models for all the transistors of the circuit shown
infigure 1. the results have been tabulated in table 4.

Table 4
Energy Energy Energy Energy-Delay
Simulati dissipated dissipated dissipated Time Prodcut over
lmuoztlon over thetime | overthetime | overthetime | - delay the time
mode interval 0-5 ns |interval 10-15 ns|interval 10-15ns| (inns) | interval 0-15 ns
(in 10™ joule)— (in 10™ joule) | (in 10™ joule) {in 10" joule-s)
All Low ‘ . ..
v, 9.895090 1.370438 1.003293 ?.070000 2.076816
" All High
V. '8 0.249578 5.678755 1.002806 2.850000 2.868025
T
Dual
V, 3.035074 1.366681 1.003251. 2.070000 2.076730
From the table 4, we came to see that the Energy-Delay B e ;'IQRDIJNE 28!

Product of single bit CAM cell over a observation time
15ns (including data write and data search operation)
using dual V; MOS transistors is less than 28% when
compared to the Energy-Delay Product of the same
using all high V; MOS transistors.

Proposed Design of Single

Bit Cam Using Dual V,

MOS Transistors

Figure7 ) *

38 BVCOEF's MET Journal




In the realization of the single bit Content Addressable
Memory using dual threshold CMOS technology, the
proper placement of the transistors with dual
threshold voltage is an issue of utmost importance.
. The table below illustrates with proper reasons, the
manner in which the threshold voltages of the
transistors, high or low, are to be assigned. Here one
need to mention that if we use low V; models for the
two transistors M1 and M2, the Energy-Delay Product
does not vary too much as compared to the scheme
using high V; models for those two transistors.

The reason we have placed transistors M1 and M2 of
high threshold voltages is that it would reduce the
susceptibility of the CAM circuit towards some
undesired noise genereted in a random manner.
When low V; model is used for M1 and M2, in the
worst situation, the noise may pull the wordline high,
enabling the memory cell to write new undesired data
into it. Thus probabilistically using high V; models for
the two aforementioned transistors increases the
stability of the circuit.

Table 5 ’
Trggtor | Torhod | Reason
M1 High to prevent any modificationof the stored data bit due to noise
M2 High -do-
M3 Low to minimize the delay involved inthe search operation.
M4 Low -do-
M5 Low -do-
Mé High dictated by the simulation results
M7 High -do-
M8 High -do-
M9 High -do-
CONCLUSION search opera—t-i-en (in case of a mismatch) using dual-V;

In this paper we have presented a CAM designed for
low energy-delay product. The low energy-delay
product is achieved by DTCMOS technology. The
simulation results shown in the result section support
the effectiveness of the proposed-CAM cell design. It
has been noted that the average leakage energy of a
single bit CAM using DTCMOS technology is less than
that of the basic CAM realized using low V; transistors
by a magnitude of 4.2 X 10"Joule. It is further
observed that the mammum delay mvolved in the

technology is less than almost 28% as compared to the
scheme usingall high V; transistors. This illustrates the
effectiveness of dual-V; transistors in optimizing the
energy-delay product in the design of a CAM cell. -
Such use of dual-V; transistors makes the design an

energy-aware one, in the sense that it retains the
speed-performance of the circuit without
compromising on the energy and makes the circuit

suitable for low-power (low-energy) operation. '
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