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ABSTRACT: Content Addressable Memory (CAM) is a special type of hardware storage mostly designed for fast
lookup applications. It can perform an associative search operation within one clock cycle. However, the parallel search
scheme costs the CAM memory large power consumption. In this paper, we tend to propose a new CAM architecture,
called Master-Slave Match Line (MSML) design, that aims to mix the master—slave architecture and charge refill
reduction technique to reduce the CAM power dissipated within the match lines (MLs). Unlike the conventional design,
wherever one single ML is employed, our design uses one master-ML (MML) and a number of other slave-MLs
(SMLs) to carry out the search operation. By sharing the MML charge with merely the mismatched SML, this MSML
design can diminish the MML charge refill swing, such that the Match line power consumption can be reduced
efficiently. In addition, we further propose a modified 4T-CAM Cell and replace the basic 9T CAM Cell with the
modified 4T CAM Cell and propose an MSML Design to reduce the power and area.

KEYWORDS: Charge refill minimization, content-addressable Memory (CAM), low-power, master—slave
architecture, Match Line (ML).

I. INTRODUCTION

Low power consumption has become the new metrics for decisive the performance of an electronic device. Several
electronic systems such as laptop computers and mobile phone have become a commaodity and a necessity. Because the
demand for portable applications will increase the demand for extended utilization and higher processing speed of the
system also will increase. Content Addressable Memory (CAM) is a different kind of memory employed in terribly
high-speed search applications largely used as a Translation Lookaside Buffers (TLB). The TLB permits the
interpretation of the virtual address of a CPU to a physical address used in a cache memory. Each CAM and Static
Random Access Memory (SRAM) share several functionalities and similarities. Content Addressable Memory (CAM)
is a special type of associate memory that outgrows from the existing RAM technology. It provides the same basic
features such as “read” and “write”, and offers an on-chip parallel search capability against the data contents. Hence, it
is appropriate to refer CAM as a hardware “search engine”. It can perform an associative search operation within one
clock cycle, which is not always possible for Random Access Memory (RAM).

Paper is organized as follows. Section Il describes Basic Content Addressable memory (CAM) operations and Match
Line schemes. Section Il describes about previous architectures. Master-Slave Match Line (MSML) design of 9
transistor CAM is given in Section IV. And Proposed MSML design of 4 transistor CAM is given in Section V. Section
VI presents experimental results showing the simulation results. Section VII presents Comparison results. Finally,
Section VIII presents conclusion.
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Il. BASIC CONTENT ADDRESSABLE MEMORY

Each CAM Cell as shown in Fig. 1 have two parts: 1) bit storage component (e.g. 6T SRAM) and 2) bit comparison
circuit. The bit storage component is used to store input data, and the bit comparison circuit (a pass transistor
logic PTL) is applied to compare a preferred search data with the stored data. The most frequently used CAMs are
binary CAM (BCAM) cell and ternary CAM (TCAM) cell. Due to the frequent search and also the parallel comparison
feature wherever an outsized quantity of transistors and wires are active on every search, the power consumption of CAM
is usually extensive. In the CAM memory, the match lines (MLs) and search lines (SLs) are the major power consumers.
The ML is the long wire with massive capacitance, and every search will cause a huge amount of ML switching activities.
Thus, the ML power consumption is very large.
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Fig 1. The Basic structure of XOR CAM cell.

The match line scheme is one of the key factors for CAM circuit design. Traditionally, two match line schemes are
usually used in CAMs. One is NOR-type, the other is a NAND - type. The characteristic of NOR-type is high-speed
but heavy power consumption. The advantage of the NOR type CAM is its best search performance due to single
NMOS pull down path. But due to the highly capacitive nature of match line the power consumed is HIGH in this array.
The advantage of the NAND-type CAM is the low power consumption in the match case as the match line is less
capacitive in nature and power consumed in discharging is less in match case. However, one of the disadvantages is
that the match line path is too long to discharge to the ground when there is match case.

1. PREVIOUS ARCHITECTURES

Several researchers have implemented various architectures improving the power efficiency of CAM, and diminishing
the ML power, especially. A selective precharge technique to minimize the ML power consumption by breaking a
CAM word into two parts. A small subset of CAM cells can be used to do a precalculation, and then determine if the
ML needs to be precharged. The identical or similar design concept was also used in the designs [5] —[8]. A pipelined
search scheme was proposed in [8], wherever a CAM word is more divided into several segments. Every segment is
evaluated consecutively in a pipeline fashion. Only the words that equivalent a segment can proceed with the next
segment search. These segmentation methods can minimize the power only in the best case, wherever the primary
segment can filter out the unnecessary comparison. To overcome this drawback, a charge-shared ML scheme [10] was
proposed to diminish the worst-case power utilization. Assume that the initial segment matches. Within the
conventional design, the primary segment ML1 will be discharged to 0 before the secondary segment search, however,
the charge-shared ML scheme [10] can distribute the ML1 charge to the second segment ML2, i.e., recycle the ML1
charge. Therefore, it can reduce the best-case and worst-case power consumption.
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Fig 2. SMA proposed in [5]

In [5], the segmented ML architecture (SMA) was proposed. As shown in Fig. 2, the SMA partitions the whole ML into
four segments. These four segments are grouped into the precharged type and the charge-shared type. First, only the
precharged segments are charged, and then the charge spread signal is enabled during the match evaluation phase. This
results in the charge sharing occurred between the charge shared segment and the precharged segment. Because only
the precharge segments need to be charged, the ML power consumption can be efficiently reduced. Fig. 3 shows the
shadow ML design [6], which is mainly composed of the level shifter (LS) and voltage detector (VD). In the evaluate
phase, VD is used to charge the ML and sense the shadow ML voltage at the same time. In the case of a mismatch, at
least one path between the ML and shadow ML conducts.

Voltage
Detector (VD)
i ML
Level
Shifter (LS) D D e

L] 1 1
shadow ML
Fig 3 Shadow ML Voltage detecting Scheme [6]

IV. MSML DESIGN

The key idea behind our design is to mix the master—slave architecture with the charge refill minimization method to
diminish the ML switching power. Fig. 6 shows an MSML design example, MS2, that consists of one MML and two
SMLs. As a result of sharing the charge between the MML and the SML, we can minimize the MML refill swing
efficiently, such that the search power dissipated within the MMLs can be mainly reduced. From Fig. 4, besides the
MML and SML, an additional final-ML (FML) is employed to specify the match result. Note that the parasitic
capacitance of the FML is generally smaller than that of the MML.

Search Operation

Similar to the standard CAM, in our design, there are two phases during a search. They are precharge and match
evaluation phases, respectively. In the precharge phase, the MML and FML are initially precharged to high, and then
during the match evaluation phase only the mismatch case will change the logic level of the FML from high to low.

1. Precharge Phase

During this section, the control signal PRE is high. Thus, the MML and FML are precharged to high, and all SMLs,
i.e.,, SML1 and SML2 shown in Fig. 4, are discharged to 0. As the result of the search data are not available in this

phase, all BLs (bit and ~bit) are reset to 0, such that the XOR result is 0 to turn OFF the share transistor (Mx). Thus, the
charge sharing paths between MML and SML, i.e., S1 and S2, are all disconnected in this phase.

2. Match Evaluation Phase

Once the precharge phase is done, then the control signal PRE is pulled down to 0 and therefore the search data have to
be loaded on the search lines to begin the matching process. This phase is termed as match evaluation phase. Because
we split a CAM word into two SML segments, i.e., SML1 and SML2 as shown in Fig. 4, depending on the match
results of every SML there are four possible cases within the match evaluation phase. It is a real match only when both
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Fig. 4. MSML design configured with two SMLs.
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the SML1 and SML2 are matched. The key node voltage and path connection/disconnection for these cases are
summarized in Table 1, and the complete operation is described as follows.

Case 1 (Both SML1 and SML2 are Match)

This is only the match case. In this case, both the charge sharing paths S1 and S2 do not conduct. All ML logics are the
same as in the precharge phase, i.e., MML is 1, FML is 1, and both SML1 and SML2 are 0.

Case 2 (Either SML1 or SML2 is Mismatch)

We first assume that SML1 is a mismatch, and SML2 is matched. In the SML1 phase, as a result of a minimum of one
share transistor is turned ON to conduct the charge-sharing path S1, the MML charge will be distributed to the SML1.
This leads to an increase of the SML1 voltage, whereas the MML voltage level goes down. After the entire charge
sharing, both the MML and SMLL1 will finally saturate to the equivalent voltage, i.e., Final balance voltage. According
to the charge sharing equation, the final balance voltage VB can be derived as follows:

VB = CMML / (CMML + CSMLl)VMML ~ 2/3VMML (1)
Where Cyme and Csy; are the capacitances of MML and SML1, respectively, and Vywe is that the MML initial
voltage. Because the MML capacitance is roughly two times the SML1 Capacitance, the result can be simplified as

213VumL.

Table I Key node voltage and node connection or disconnection (O/X) for each case in the MSML design

Cases | SML, SML, Path Key Node Voltage Result
Si|S;| P | MML | SML,; | SML, | FML

Casel Match Match X | X Vb 0 0 Vbp Match

Case2 | Mismatch | Mismatch | 0 | X Voo | Vo | O 0 | Mismatch
3 3

Match | Mismatch | X | 0 2 0 |ZVpp| O | Mismatch

g VDD 3

Case3 | Mismatch | Mismatch | 0 | O 1 1 1 0 | Mismatch
2 VDD 2 VDD 2 VDD

Case 3 (Both SML1 and SML2 are Mismatch)

In this case, both SML1 and SML2 segments are mismatch. Because the charge-sharing path S1 and S2 are
conducted, the MML charge is going to be distributed to the SML1 and SML2. For MS2 configuration, this is the worst
case. The final balance voltage VB can be derived as follows:

Vg = Cyume / (Cum + Csmir + Csmiz) Vime = 12V (2)
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V. PROPOSED 4T CAM AND MSML DESIGN

The proposed CAM design utilizes a special type of CAM cell. However, rather than utilizing ancient Basic CAM cell

configuration, the modified CAM cell contains only four transistors as shown in Fig 6(a). The four-transistor (4-T) content
addressable memory (CAM) cell consists of an exclusively n - type transistors This cell has two transistors (Tc; and Tcy)
arranged in an exclusive-OR configuration so as to perform a comparison between the information given at the BIT and
NBIT lines and data stored in the cell.

Table Il Match operation of 4T CAM.

Stored Shl Sb0 BIT NBIT Match
data condition

0 0 1 0 1 Match
0 0 1 1 0 No match
1 1 0 1 0 Match
1 1 0 0 1 No match
X 0 0 X X Match

The match line is directly connected to the output of the exclusive-OR (XOR). Consequently, the condition of this line relies
on the XOR output. This XOR is generated by transistors Tc; and Tc,. If the XOR output is at logic level “1”, the match line
Will not be discharged to O, showing that a match has been found. On the other hand, if the output of XOR is at logic level
“0”, the match line gets discharged, showing a non-matching condition.

VI.SIMULATION RESULTS
The circuits are drawn and simulated using MENTOR GRAPHICS Pyxis Schematic Editor tool and the technology

used here is 130nm. Simulation is done using Eldo simulator. The output waveforms are viewed using an E-Z wave
viewer.
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Fig. 5. Basic XOR CAM (a) Schematic Of 9T CAM (b) Simulation result of 9T CAM cell search operation
The matching operation of the XOR CAM cell includes comparing the data displayed on the bit lines (BIT and NBIT lines) to
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the stored data and assessing the match line. The match line is precharged to logic level “1” before comparing the stored data
with the input. Since the output of the XOR is associated to match the line, when there is a mismatch between the
stored data and the input, the output of XOR is set to logic level “0”. This, in turn, discharges the match line. If a
match is found, then the output of exclusive-OR is set to logic level “1”. So, there is no discharge of the match line.
The operation remains same in 4T CAM cell only difference is reduced number of transistors.

@ (b)

Fig. 6. 4T XOR CAM (a) Schematic Of Modified 4T XOR CAM (b) Simulation result of 4T XOR CAM cell

In this project we are replacing the basic 9T CAM Cell with that of the modified 4T CAM Cell in MSML design and its
results have been compared.

uuuuu

©
Fig. 7. (a) Simulation result of 8- bit MSML design of 9T CAM cell (b) Schematic of 8- bit MSML design of 4T CAM cell (c) Simulation result of
8- bit MSML design of 4T CAM cell
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Here, the MSML used is MS, configuration i.e. one Master with two slaves. By sharing the MML charge with merely
the mismatched SML, this MSML design can diminish the MML charge refill swing, such that the Match line power
consumption can be reduced efficiently.
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Fig. 8. (a) Schematic of 32- bit MSML design of 4T CAM cell (b) Simulation result of 32- bit MSML design of 4T CAM cell

VII. POWER CONSUMPTION AND DELAY

Match line and search lines are highly capacitive in nature. So the major portions of power consumed in CAM are due
to search lines switching i.e. search lines discharge to the ground in precharge phase and during the evaluation phase
one of the search line pairs is high.

Table 11l Comparison of 9T CAM and 4T CAM

CAM POWER DELAY POWER
DELAYPRODUCT

9T XOR 3.237mw 5.9ps 1.9057*107)

CAM

4T XOR 163.28uw 65.5ps 1.0694*10™)

CAM

Table 11 and 1V Summarizes the simulation results of the above circuits. It is observed that the power of the 4
transistor CAM cell is reduced than that of the power of the 9 transistor CAM cell. But the delay of 4T CAM cell is
more than that of the 9T CAM cell.

Table IV Comparison of various MSML designs

DESIGN POWER
8 BIT MSML DESIGN OF 9T 58.632mw
XOR CAM
8 BIT MSML DESIGN OF 4T 1.2717mw
XOR CAM
32 BIT MSML DESIGN OF 4T 5.6745mw
CAM CELL
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Fig. 9. (a) Power Comparison of 9T CAM and 4T CAM (b) Power Comparison of various MSML designs

From this comparison result, we can say that as the number of transistors reduced the power will also be reduced. In
MSML design also the power will be reduced with the decrease in a number of transistors.

VIII. CONCLUSION

This paper introduces a Low power ML design, called MSML design, in which we mix the master—slave architecture
with the charge refill minimization technique to reduce the CAM ML power consumption. Here, various MSML
designs are compared and observed that the proposed 4T CAM Cell and MSML design of the 4T CAM cell have less
Power and hence used in fast lookup applications. By replacing the 9T CAM cell with the 4T CAM cell the area is also
reduced because the transistor count reduced.
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