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Abstract—The content addressable memory (CAM) is a memory
in which data can be accessed on the basis of contents rather than
by specifying physical address. In the paper, five novel dynamic
ternary CAM cells with decoupled match lines are presented. A
ternary CAM cell is capable of storing and matching three values:
zero (0), one (1), and don’t care (X). The proposed dynamic CAM
(DCAM) cells range in the number of transistors from 6 n-type
transistors up to 10.5 n- and p-type transistors (one transistor
is shared between two cells). The cells are capable of fast match
and read operations enhancing the performance of the memory
system. Using a 0.25-pum CMOS technology, simulations of the
proposed CAM cells were performed to compare their perfor-
mance. With this technology, the shortest match delay is 89.7 ps
for the 7.5 DCAM cell. A complete characterization of the five
cells is provided in this paper. These results show that the novel
CAM cells outperform existing cells. The compact size and low
power dissipation of these ternary CAM cells make them suitable
for many applications such as routers, database, and associative
cache memories.

Index Terms—Content addressable memory (CAM), dynamic
circuits, memory cells, ternary digit (trit) operations, ternary
matching.

1. INTRODUCTION

CONTENT addressable memory (CAM) allows access to

memory on the basis of data stored rather than a physical
address location. A CAM performs a parallel comparison of
stored data with an input argument. These features have earned
CAM'’s widespread usage which include: translation look-aside
buffers for virtual memory systems, tag directories in fully
associative cache organizations [1], collision detection VLSI
processor for intelligent vehicles [2], interconnection network
router [3], [4], database accelerator [5], self-testing recon-
figurable CAM [6], and applications in artificial intelligence
and image processing. Additional applications include logic
inference, classifiers [7], [8], pattern matching [9], sorting [10],
and applications that require searches in specific address ranges
[11]. A CAM must be able to perform the functions: write, read,
and match. The write function provides a means of storing data
into the memory, while the read function enables data retrieval
for refresh purposes. In a match function, a CAM compares
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TABLE 1
ROUTING TABLE USING TERNARY CAM
Ternary CAM Assignment
0.0 | 1 [¢_y......co| This node
X..X| X |X...cj...X [n—cube link
-gc. 0...0 | 0 |X......... X |Parent node
E" X..X| 0 |ci_j.ocy| Left node
X..X | 1 |cgge.....co| Right node
v XX | X [Xoooon X |Parent node
m k k-1 0
L bit position —

the data provided (argument) to it with the data stored in it and
indicates a match if they are the same.

The focus in the design of the dynamic circuit is on high per-
formance and compact size. In the dynamic CAMs (DCAMs)
that are presented here, precharged match lines are used in im-
plementing the match function. The match function involves the
comparison of data presented to CAM cells with the stored data
in them, and the result of match search is determined by the state
of the match lines. A CAM is made up of a basic CAM cell ca-
pable of storing a trit, i.e., a logic zero (0), a logic one (1), or a
don’t care (X). A major advantage of a ternary CAM cell over
a binary CAM cell is derived from its ability to store and com-
pare with a don’t care (X). A don’t care state can be used to
mask off some bits in a memory location and also during match
function. Table I shows a ternary CAM application for routing
tables [3]. In this application, a hypercube tree routing algorithm
is encoded in the CAM using ternary values. The destination ad-
dress is matched with the CAM entries; the routing table is for
anode at level k£ and bits labeled as ¢ are obtained from the cur-
rent node address. It should be pointed out that don’t care bits
(X) appear at any location in the CAM.

The performance of a CAM cell can be studied from the de-
lays involved in match and read functions. In a match operation,
if a match occurs in a location the precharged match line of that
location is not discharged, and if a nonmatching location occurs
the corresponding match line is discharged. The worst delay in
discharging a match line is when only a single cell in a word
has to discharge the line. For higher performance, the design of
CAM cell must ensure fast discharge of match line under the
worst case condition. Reading from the CAM must occur fast
enough to enable a CAM-based system to operate at a high clock
rate, necessary for most applications in computer systems. Due
to current trends toward hand-held devices, another design issue
is current consumption for both match and read operations.
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Fig. 1. 6-T DDCAM cell.

The organization of this paper is as follows. In Section II,
new decoupled dynamic ternary CAM cells are described. Sec-
tion III presents the performance results derived from simula-
tions performed on these cells and a comparison with existing
CAM cells. Two approaches to improve a system performance
are presented in Section IV. Some concluding remarks are pro-
vided in Section V.

II. DECOUPLED CAM CELLS

In this section, five novel decoupled CAM cells are intro-
duced. The cells have been categorized by the number of tran-
sistors each has. The CAM cells have six, six-and-a-half, seven-
and-a-half, and ten-and-a-half transistors. The last three CAM
cells have a transistor that is shared by two adjacent cells in a
location. The match lines in these cells are decoupled from the
cell transistors resulting in shorter matching delays. These cells
are capable of storing a ternary digit (0, 1, or don’t care X).

A. 6-T DDCAM Cell

The six transistor (6-T) decoupled DCAM (DDCAM) cell
shown in Fig. 1 consists of exclusively nMOS transistors. This
cell has two transistors 7,1 and Ty arranged in an exclusive-OR
configuration. These transistors and their gates serve as dynamic
data storage elements. These gates are labeled as Sb1 and Sb0,
and are accessed through 7,1 and T’,o. When transistors 7,1
and T, are conducting the data on bit lines (BIT and NBIT) are
transferred to the gates Sb1 and Sb0. Turning off the transistors
T.,1 and T, isolates the dynamic storage element from the bit
lines. The read from the cell without altering the stored data is
achieved by turning on the transistor 7;.,.. The gate of transistor
T, is connected to the exclusive-OR output and is used during
the match function. This puts the dynamic storage elements in
the critical path. If transistor 7, is off, the match line is not
discharged indicating a matching condition. If 7T}, is conducting
the match line is discharged indicating a nonmatching condition.
The DDCAM cell is designed to store the logic states 0, 1 and
don’t care (X), set by Sb1 and Sb0. Table II shows these three
states and corresponding values of Sb1 and Sb0.

There are three operations that can be performed on a
DDCAM cell. These operations are write, read and match.
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TABLE 1I
THREE STATES STORED IN 6-T DDCAM CELL

Sbl | SbO State
0 [ X (don't care)
1 1 (one)

1 0 [0 (zero)
1 | — not allowed
TABLE III
LOGIC TABLE FOR MATCHING OPERATION IN 6-T DDCAM CELL
SR gttflr Edsil(ss Bl? pI:JI;BlT ST::;US Match State
0 1 0 0 1 OFF | 1 match
0 1 0 1 0 ON | 0 no match
1 0 1 0 1 ON | 0 no match
1 0 1 1 0 | OFF | 1 match
X 0 0 X X | OFF | 1 match

Write is performed by controlling the transistors 17,1 and T,
with a logic 1 on the write line. When write line is set to logic
1, these transistors conduct transferring data from bit lines to
the dynamic storage elements. Reading from the cell can be
performed by setting the read line to logic 1, when either BIT
or NBIT line is discharged if a logic 1 or a logic O is stored
in the cell. The read operation requires that the bit lines be
precharged to logic 1 just before reading. Precharging facilitates
effective reading from the DDCAM cell. Setting the read line
also ensures that the gate of 7T;,, transistor is set to logic 0, when
zeros are stored at Sbl and Sb0. Simultaneous read and write
operations are used to refresh the cell contents.

The matching operation involves comparing the data pre-
sented on the bit lines with the stored data and evaluating the
match lines. Logic 1 on match line indicates a match, while
logic 0 means a nonmatching condition. The match operation
also requires that the match line is precharged to logic 1 be-
fore comparing the stored data with the input. The output of
exclusive-OR implemented by 7.1 and T, is connected to gate
of transistor 7},,. When there is a mismatch between the data
stored and the input data, the output of exclusive-OR is set to
logic 1. Thus, the transistor 7;,, starts conducting, discharging
the match line. If a match is found, the exclusive-OR output
is logic 0, which turns off the transistor 7,,, preventing it
from discharging the match line. If a don’t care is stored in
the DDCAM cell, any input presented on the bit lines results
in a match condition. With zeros stored at Sb1l and Sb0, the
transistors 7,7 and Ty, are off preventing data from either the
BIT or the NBIT line from passing to the gate of transistor T, .
The gate of this transistor is set to O by the transistor T, to
ensure that match line does not get discharged when a don’t
care bit is stored. Matching and nonmatching conditions and
corresponding states of bit lines are summarized in Table III.

B. 6.5-T and 6-T(P) DDCAM Cells

The 6-T DDCAM cell requires that the bit lines BIT and
NBIT be held at logic 0 while precharging the match line. Once
precharged, the input data can be presented. This requirement
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Fig. 2. 6.5-T DDCAM cell.

introduces an unnecessary delay in the sequence of events. The
6.5-T DDCAM cell design allows these two events to occur si-
multaneously. The new DDCAM cell shown in Fig. 2 is very
similar to the previous cell (Fig. 1), except for an additional
transistor T,. This transistor is placed in such a way that it can
be shared by two adjacent cells in a row, and it is thus consid-
ered half of a transistor. The method of performing operations
on this cell is identical to that performed on 6-T cell. Transistor
T. serves to evaluate the match line. This transistor isolates the
match line from the transistor 7},, and the BIT and NBIT lines.
Thus, the gate capacitance can be charged at the same time as
precharging the match line before the evaluation begins.

When the evaluation signal comes, transistor 7,,, is already
set (either ON or OFF). This in turn results in faster match evalu-
ation. The introduction of transistor 7, increases the area of the
design, but this factor is overshadowed by the performance im-
provement achieved and the ability to overlap operations. The
dynamic elements are still in the critical path in this DDCAM
cell too, which results in degradation of signal at the gate of
transistor 7,,,, should a match condition occur in the cell. The
critical path can be improved by changing the dynamic elements
T.1 and T, from nMOS to pMOS transistors as shown in the
DDCAM cell 6-T(P) in Fig. 3. Since the pMOS transistors pass
good ones, the transistor 7, is turned on stronger, and the match
line discharge time improves. However, the cell has a possibility
to fail during a matching condition. The voltage at Sb1 or SbO
for logic 1 is equal to Vpp — Viy, and a true logic 1 (Vpp) on
the bit lines will place the pMOS transistor in linear region of
operation (|Vgs| > |Vip|). In such a case, the pMOS is not com-
pletely turned off and could pass the logic 1 on bit lines onto the
gate of transistor 7},,. In a matching condition this would com-
pete with true logic 0 passed by the other pMOS transistor. This
could partially turn on T;,, causing a failure of matching condi-
tion. The CAM’s reliability can be increased by ensuring that the
logic 1 on bit lines is approximately equal to the logic 1 voltage
at Sb1 or Sb0. This could easily be achieved by precharging the
bit lines through an nMOS pass transistor. Table IV shows how
the three states 0, 1, don’t care (X) are stored in 6-T(P) DDCAM
cell. Table V shows the matching and nonmatching conditions
along with the corresponding status of the bit lines for this CAM
cell.
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Fig. 3. 6-T(P) DDCAM cell.
TABLE IV
THREE STATES STORED IN 6-T(P) DDCAM CELL
Sbl | SbO State
0 | - notallowed
1 0 (zero)
1 0 1 (one)
| 1 | X (don't care)

TABLE V
LoGIC TABLE FOR THE MATCHING OPERATION IN 6-T(P) DDCAM CELL
Stored Bits|  Input T,

SR ['so1 T b0 [ BIT pNBIT Status | Match State
0 0 1 0 1 OFF | 1 match
0 0 1 1 0 ON | 0 no match
1 1 0 0 1 ON | 0 no match
1 1 0 1 0 OFF | 1 match
X 0 0 X | X | OFF | I match

C. 7.5-T DDCAM Cell

In the previous DDCAM cells 6-T and 6.5-T the transistor
T',1 drives transistor 7,.;, which in turn drives transistor 7, .
This results in the degradation of the output of the exclusive-OR
(formed by transistors T,; and T, ) during the transfer of a logic
1 (for a nonmatching condition). The maximum output value
the exclusive-OR (that is connected to the gate of T;,,) can at-
tain during the transfer of logic 1 is Vpp — Vin1 — Vine where
Vin1 and V;o are the threshold voltages of transistors 7,17 and
T.1, respectively. Due to the body effect, the effective threshold
voltages are larger than the nominal values; this in turn makes
the exclusive-OR voltage smaller. The same situation is mirrored
through transistors T,,,9 and To when transferring logic 1 from
NBIT line. This was improved by the 6-T(P) implementation,
but the read time is worsened due to the presence of the pMOS
transistors in the pull down path for read operation. The match
line discharge time in 6.5-T can be improved, without affecting
the read time by precharging the gate of transistor 7,,, before
the evaluation of the match function. In case of a nonmatching
condition when the evaluation begins, the transistor 7;, can
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Fig. 4. 7.5-T DDCAM cell.

quickly discharge the match line since it is already turned on
strongly. If a matching condition occurs, the bit line (either BIT
or NBIT) would be able to discharge the gate of the transistor
T,,, quickly, turning it off and preventing it from discharging the
match line. Discharging the gate of T, is quick since the dis-
charge is through nMOS transistor. This improvement in match
line discharge time is achieved at the expense of an additional
transistor. Implementation of this idea is the 7.5-T DDCAM
cell as shown in Fig. 4. The pMOS transistor T}, is used for
precharging the XOR output. The 7.5-T DDCAM cell’s opera-
tion is identical to that of the 6.5-T DDCAM cell, except for the
precharge of exclusive-OR output before match function evalua-
tion. This precharge can overlap with the match line precharge.

D. 10.5-T DDCAM Cell

The 6-T(P) and 7.5-T DDCAM cells improve the matching
operation but the read operation still suffers from a large delay.
In the case of 6-T(P) the pMOS transistors pass poor zeros so
the discharge of bit lines during a read operation is worse than
that of 6-T and 6.5-T. In 7.5-T, the nMOS transistors, which can
pass good zeros are weakly turned on again slowing down the
read operation. The fifth decoupled DCAM cell, which appears
in Fig. 5, operates in a similar manner to the previous CAM
cells, but differs from them in the way it stores data.

In this DDCAM cell, the dynamic circuitry has been removed
from the critical path and the output of exclusive-OR can reach
a maximum voltage of Vpp — V;,, (where V;,, is the threshold
voltage of either T,.; or T.o). The write, read, and match opera-
tions are accomplished the same way as in the previous cells, but
the 10.5-T DDCAM cell inverts the stored binary information. If
logic 0 has been stored at either Sb1 or Sb0, then transistors will
be driven by a true logic 1 (equivalent to power-supply voltage
Vbp). This configuration results in shorter refresh cycles. Also,
a refresh register is not required for this cell since the read op-
eration places the proper signals on the BIT and NBIT lines.

The three states 0, 1, and don’t care (X) along with their
equivalent Sb1l and SbO values are stored at the input of the
two inverters in the 10.5-T DDCAM. The resulting table for the
stored values is similar to Table IV. Simultaneously storing zeros
at Sb1 and SbO0 is not allowed since this would turn on both 7,

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 52, NO. 10, OCTOBER 2005

BIT

N2

write

r&x

match line

evaluation

Fig. 5. 10.5-T DDCAM cell.

and T¢o. The matching operation for this DDCAM cell is sim-
ilar to that of the previous cells. Whenever the data presented
matches the data stored, the transistor 7,, does not conduct and
the match line is not discharged. If T},, is conducting, it means
the data on bit lines does not match the stored data and the match
line is discharged.

III. EVALUATION OF DCAM CELLS

In this section, the performance of the DDCAM cells dis-
cussed is presented. Hanyu, er al. describe a one-transistor
multiple-valued CAM, suitable for high-density associative
memory arrays [2]. The one-transistor CAM requires 2n steps
to complete a comparison of an n-bit word, while the DCAM
cells presented in this paper require only a single step to com-
pare an n-bit word to the stored data. Due to this long matching
delay the one-transistor CAM is not considered any further.
Another DCAM cell presented in [5], [12] is presented here
and has been taken as a reference to compare the performance
of the new cells.

A. Wade-Sodini DCAM

A cross coupled bit line DCAM cell with five transistors, for
use in high density CAM arrays was designed by Wade and So-
dini [5], [12]. We refer to this cell as the Wade—Sodini (W-S)
DCAM because of its inventors. This DCAM cell performs all
the functions outlined for the proposed DDCAM cells. The W-S
CAM cell has two transistors My, and My, arranged in an ex-
clusive-OR configuration as shown in Fig. 6. The gate capaci-
tance of M, and My are the dynamic storage elements and
they are accessed through transistors M,,; and M,,g [5]. Setting
the write line to logic 1, would turn on the transistors M,,; and
M, and allowing the data from bit lines to pass onto the gates
of M,y and M. A ternary digit is stored in a similar fashion to
that of the decoupled DCAM cells.

Table VI provides a summary of the three states. The match
line in this cell is coupled with a transistor Mp and has two
functions: to indicate the status of match operation and to read
from the DCAM during the read operation. Reading from the
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Fig. 6. WS CAM cell.
TABLE VI
THREE STATES STORED IN W-S DCAM CELL
Sbl | SbO State
0 0 [ X (don't care)
0 1 1 (one)
1 0 [0 (zero)
1 1 — not allowed
TABLE VII
LoGIC TABLE FOR MATCHING OPERATION IN W-S DCAM CELL
Stored Bits|  Input
Stored
Trit | SbI | Sb0 | BIT [NBIT| Match State
0 0 1 0 1 1 match
0 0 1 1 0 | 0 no match
1 1 0 0 1 0 no match
1 1 0 1 0 1 match
X 0 0 X X | I match

cell is performed by charging the match line and discharging
the bit lines. This results in the current flowing from the match
line through the transistor Mp and the transistor M whose gate
is connected to logic 1. Matching for this DCAM cell is slightly
different from the DDCAM cells [except for 6-T(PMOS)] pre-
sented in the previous section. To match any state other than the
don’t care state, the bit lines must have data similar to the stored
values at the gates of M, and M. In case of a nonmatching
condition the match line is discharged through transistor Mp
and M, whose gate is set to logic 1 [5]. Since the gate of Mp is
connected to the match line, it turns out that, as the match line
discharges its resistance increases which eventually prevents it
from discharging completely to O V. The match condition under
different inputs and stored data is shown in Table VII.

B. Comparison of DCAM Cells

In this section, a comparison of the new DDCAMs and the
W-S DCAM cell is presented. This comparison is with respect
to the main circuit differences and the cell’s performance in
read and match operations. SpectreS simulations were per-
formed using 0.25-um CMOS technology (TSMC process
available at MOSIS—http://www.mosis.org/). All simulations
have been performed using a 10 x 10 array.
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1) Read Operation: The decoupled DCAM cells presented
in Section II perform a read operation through transistor 7.
This transistor discharges BIT and NBIT lines during a read op-
eration through transistors 7,; and 7.o. The W-S transistor re-
lies on transistor Mp and M,y and M, to perform read opera-
tion. In this case charge is transferred from match line to the BIT
or NBIT line. Since the charge transfer is through two nMOS
transistors, the bit lines are not charged to Vpp. This operation
will have a longer delay than the DDCAM cells since the volt-
ages between gate and source of transistors Mp and M, de-
crease as the BIT or NBIT line is charged. Fig. 7 shows the sim-
ulation results during a read operation. The 6-T, 6.5-T, and 7.5-T
DDCAM cells have the same delay during a read operation, as
they discharge identical capacitance through a very similar path.
The 6-T (pMOS) has a long read delay due to the presence of
pMOS transistor in the discharge path, which passes poor zeros.
The 10.5-T DDCAM cell performs a fast read, since the nMOS
transistors 7,.; and T are strongly turned on resulting in a fast
discharge of the BIT or NBIT line. For comparison purposes, the
read delay is considered to be the time it takes from the rising
edge of the read pulse to the point when the bit line (BIT or
NBIT) discharges to 0.8 V (an inverter connected to the bit lines
starts switching from logic O to logic 1, when its input reaches
0.8 V). In W-S DCAM cell during the read operation neither the
BIT nor the NBIT line is not able to reach Vpp (2.5 V) and so a
voltage of 1.6 V is taken as the steady state value to calculate the
read delay. The read times for 6-T, 6.5-T, 7.5-T DDCAM cells
were calculated to be 579 ps, 577.4 ps, and 571.5 ps respectively,
while 6-T(PMOS) has a delay of 1.38 ns. The 10.5-T DDCAM
cell has a low read time of 162 ps, while the W-S DDCAM cell
has a high read time of 2.74 ns. These results show that 6-T,
6.5-T, 7.5-T DDCAM cells can perform a read operation 4.76
times faster than W-S DCAM, while 10.5-T is 17 times faster.

2) Match Operation: Match operation is the most important
operation for any CAM system and delays in this operation have
a direct impact on the performance of the system. There are
differences when nonmatching conditions are evaluated in the
DDCAM cells presented in Section Il and W-S DCAM cell. The
6-T, 6-T(P) and W-S cells require that the bit lines be discharged
during the match line precharge cycle. This prevents the usage
of bit lines for any other operation during this process. The 6-T
and 6-T(P) cells experience delays in discharging the match line
for a nonmatching condition due to the fact that the gate capac-
itance of transistor 7},, has to be charged before the match line
can be discharged. Since the 6-T(P) cell has an improved dis-
charge path due to the pMOS transistor (the pMOS passes good
ones required at the gate of transistor 75,,.) this cell has shorter
match line discharge time compared to 6-T DDCAM cell. The
6-T DDCAM cell takes 1.04 ns to discharge match line, while
6-T(P) takes 113 ps. The W-S DCAM has a delay of 581 ps
in discharging the match line. The 6-T(P) DDCAM performs
a match operation 5.14 times faster than the W-S DCAM. The
6.5-T, 7.5T, and 10.5-T DDCAM cells allow the comparison of
the input and stored data to be done at the same time their match
lines get precharged. This results in a much smaller delay. The
measured values for the worst-case match line discharge times
for 6.5-T, 7.5-T, and 10.5-T DDCAM cells are 374, 89.7, and
111 ps respectively. Comparison plots are shown in Fig. 8.
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Fig. 8. Match line discharge.

Table VIII provides a tabular representation of read and match
time delays as well as properties of the CAM cells described
in this paper. The last row indicates if the CAM cell requires
N-well to place p-type transistors; this in turn has an impact on
the size of the cell. The results show that the 10.5-T DDCAM
cell is the fastest. A CAM cell which has match line discharge
and read delay comparable to that of 10.5-T DDCAM cell is
the basic CAM cell described in [13]. The basic CAM cell [13]
has a match line discharge time of 105 ps, but the disadvantages
of this cell are absence of an explicit read operation and it is a
binary CAM cell.

C. Current Requirements of DCAM Cells

Power dissipation is another important performance metric
used in comparing the DCAM cells presented in this paper. In
the simulations performed the current drawn by a 10 x 10 array
of cells was used as the basis for power comparison. The average
current drawn by the cells during the match and read operations
were calculated and these current values for the DDCAM cells
and the W-S cell are shown on Table IX. These results indicate
that in terms of required current for match operation 6-T, 6-T(P)
and W-S have low current. 6-T and 6-T(P) cells do not have
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TABLE VIII
SUMMARY OF FEATURES OF DYNAMIC CAM CELLS
Feature W-S | 6-T [6-T(P)|6.5-T|7.5-T|10.5-T
Number of transistors 5 6 6 6.5 7.5 10.5
Match delay (ps) 581 |1042.7| 113 | 374 | 89.7 111
Read delay (ps) 2740 | 579 | 1380 | 577.4 | 571.5 | 161.9
Control lines 1 2 2 3 4 3
Data stored in critical path yes yes yes yes yes no
Invert data during refresh yes yes no yes yes no
E’ﬂ:cil‘;aéggﬂghcrl:glme while no no no yes yes yes
Simultaneous compare input to ;
stored data and prelchargepmatch lind M° no no yes yes yes
gﬁf:yg%ggg:ﬁgﬁg%ﬁ %EJX‘I\GA Dischrg(Prechrg|Prechrg|Prechrg|Prechrg|Prechrg
Cell requires N-well no no yes no yes yes
TABLE IX
REQUIRED CURRENT UNDER MATCH AND READ OPERATIONS
Current (uA)
CAM Cell "yfatch | Read
6-T 16.48 | 45.80
6-T(P) | 41.74 | 57.75
6.5-T [153.24| 32.77
7.5-T 193.84| 64.38
10.5-T [150.94]212.60
W-S 24.08 | 42.00
60000 T T T T T T
50000 | 1
3
2 40000 - 1
51
3
<
30000 1
g
5
Q
K 20000 B
3
s}
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0 . . . | L |
6-T 6-T(P) 6.5-T 7.5-T 10.5-T WS
CAM cell

Fig. 9. CAM cell’s match delay-current product.

transistor T, (evaluation transistor) which add capacitance to
the match line when this is turned on. For read operation, 6.5-T
cell requires the least current. The required current is similar to
other cells such as 6-T and W-S.

Since match delay is considered as the major performance
factor for a CAM, the match delay-current product has been
plotted and shown in Fig. 9. This shows that 6-T(P) performs
better than the rest of the cells. This cell has the second lowest
match delay (23.3 ps worse than 7.5-T cell) and the third lowest
current. For the read operation, this cell has a longer delay.
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Fig. 10. 6-T DDCAM cell.

IV. APPROACHES FOR PERFORMANCE IMPROVEMENT

In this section, two ways to improve the performance of a
CAM system are presented. These two approaches are higher
write voltage and sense amplifiers. These two approaches help
to improve the performance of a system based on the cells pre-
sented in this paper. The main purpose of this paper however is
to present the DDCAM cells. These two approaches are con-
sidered as improvements that are external to the cells. Thus,
higher write voltage and sense amplifiers are presented as po-
tential ways to improve performance but the treatment of these
topics is not complete.

A. Write Voltage

To improve match operation in most CAM cells a higher
voltage on the write signal helps. The 6-T DDCAM cell is
reprinted in Fig. 10 to help explain how voltage at write signal
influences a match operation.

When the write signal is set at logic 1 (i.e., Viyrite = VDD)
and the BIT (or NBIT) line is set high as well, the voltage at
node Sbl (or SbO) is:

Vst1 = Vop — Vigun (D

where Vir,,1 is transistor Ty, threshold voltage. As mentioned
in Section II-C, the stored voltage at Sb1 affects the maximum
voltage at the XOR node; this voltage is:

Vxor = Vbop — Virwi — Vira 2)

where Vi1 isthethreshold voltage of transistor 7 . It should be
pointed out that these threshold voltages are affected by the body
effect. Thus, Vxog hasalower voltage than the expected using the
nominal threshold voltages. To reduce Vpp, it is necessary to
make sure that Vxogr is large enough to turn transistor 75, on.

If the write signal (when set to logic 1) has a voltage higher
than Vpp, a voltage closer to Vpp can be stored in Sb1 (or Sb0).
If Vigrite > (Vbp + Vtrw1) then (1) and (2) become

Vsy1 = Vbp 3)
Vxor =Vbop — Virel. 4

With a higher voltage at the XOR node (which is at the gate of
transistor 15,,), transistor 7, is able to sink a larger current to
discharge the match line.
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All the CAM cells with exception of 6-T(P) and 10.5-T cells
would benefit from this feature. It should be pointed out that 7T}
and T, are p-type transistors in the case of the 6-T(P) cell; this
in turn prevents voltage degradation when passing a 1. To get a
good logic 0 value, the XOR point should be discharged through
transistor 7;.,.

The threshold voltage plays an import role in determining
the minimum Vpp that allows the cell to operate. In these cells
the voltage at XOR node is crucial since this voltage would turn
on transistor 7},, to discharge the match line. This node would
determine the minimum Vpp under which the cell can operate.

B. Sense Amplifiers

Sense amplifiers are commonly used in CMOS digital circuits
to provide the following functions: amplification, delay reduc-
tion, power reduction, and/or signal restoration. Readers are re-
ferred to [14] for information about sense amplifiers. To reduce
the match line delay (when this line is discharged), a sense am-
plifier could be used. From our simulations (shown in Fig. 8),
W-S, 6-T and 6.5-T DCAM cells are strong candidates, since
they have a long match delay. It should be pointed out that a
system requires one sense amplifier per row. This in turn may
require not only more silicon real estate but also power to drive
these sense amplifiers.

Other signals that would benefit from using sense amplifier
are BIT and NBIT when a read occurs. From our simulations
shown in Fig. 7, it can be observed that 6-T(P) and W-S DCAM
cells would need a sense amplifier per column. When a read
occurs BIT and NBIT can have both a value of 1 (for all new
DDCAM cells); this is the case when a don’t care (X)) is stored.
Thus, both BIT and NBIT columns need a sense amplifier.

The number of match sense amplifiers depends on the
number of words (N) the CAM system has. On the other hand,
the number of BIT/NBIT sense amplifiers depends on how the
CAM system is organized. This number depends on the word
(W) length and the number of words per module (M); usually
memories such as CAM are organized in small modules. If
there are P modules in a CAM system, we have that the
number of sense amplifiers for the match (Sense_amp
and BIT/NBIT (Sense_ampgrr/nprr) lines are

match)

Sense_amp,.ccn =N = PM
Sense_alanIT/NBIT =2WP =2W (N/M) .

V. CONCLUDING REMARKS

In this paper, novel DDCAM cells have been presented, their
features described and the cells compared to an existing ternary
DCAM. In evaluating the cells, two critical operations, match
and read, and the current drawn by the cells have been consid-
ered. The match line discharge time, read time and the current
drawn during these operations were measured and compared to
that of W-S DCAM cell and the basic cell in [13].

Based on simulations we have the following results.

1) Shortest match delay. 7.5-T DDCAM cell has the shortest
match delay (89.7 psec). The next shortest delays corre-
spond to 10.5-T and 6-T(P) with 111 and 113 psec, re-
spectively.
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2) Shortest read delay. 10.5-T DDCAM cell outperforms all
the cells with 161.9 psec. The next closest cell is 7.5-T
with 571.5 psec. On 10.5-T cell, the two n-type transistors
that discharge BIT/NBIT lines have gate voltages equal to
Vpp; this in turn allows a fast discharge of the lines.

3) Match current. The 6-T DDCAM cell requires the least
amount of current for the worst case match operation.

4) Read current. 6.5-T DDCAM cell requires the least
amount of current when a read occurs. This measurement
is closely followed by 6-T cell which has a very similar
structure and W-S cell.

5) Delay-current product. 6-T(P) DDCAM cell has the
smallest delay-current product for the match operation.
6-T, 7.5-T, 10.5-T and W-S cells have a product that is
about three times larger than the one for 6-T(P).

These results clearly indicate that there is a tradeoff between
performance and current. The choice of a ternary DCAM cell
depends on the design constraints and required system capabil-
ities. The current versus delay plots in Fig. 11 and Fig. 12 can
be useful in making this choice. It should be pointed out that
read may not occur very often as part of the application where
a ternary CAM is used. The presented CAM cells use dynamic
circuitry that needs be refreshed; thus, read operation is needed.
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All CAM cells (including W-S cell) allow users to mask an
entire column by setting BIT and NBIT of that column to 0.
This feature is used when a partial match is needed. A cell sim-
ilar to 6.5-T CAM has been implemented as part of a router
system [15]. The cell was modified to accommodate simulta-
neous match and read operations. To achieve this, two additional
transistors and separate read and data (BIT/NBIT) buses were
included. Architectural and application specific techniques can
be used to further improve performance of the proposed cells.
Some of these techniques are reported in [16].
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