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Abstract

Content-addressable memory is widely used in the application requiring high search
speed. The primary commercial application of CAMs today is Internet routers.
Although it has the high speed characteristic due to the parallel comparison, it results in

quite high power consumption.

There have been two precomputation-based CAMs proposed previously. One is to
extract parameters by means of counting the number of 1°s within input data. Another is
to extract parameters by the so called Block XOR method. Both of the two architectures
have excellent performance in reducing power consumption. Though the 1’s count
method has a problem that the number of data related to a single parameter is not
uniform distributed, its unique 7T CAM cells not only reduce power consumption but
also save chip area. Whereas the Block XOR' method solved the problem of data

distribution, it can not apply the 7T CAM cells.

In this thesis, we proposed a novel method. Through an extra input encoder, we
combined the advantage of both architectures mentioned above. We further
implemented and simulated the whole architecture by Synopsys Hspice using 0.18 pm

technology.

Simulation results show that comparing to the Block XOR method, our method has
12.5% longer latency, but the reduction of average power and power-delay product

reached 23.6% and 14% respectively. As for the area cost, it remains almost equal.

Keywords: Low power, Content-Addressable Memory, Precomputation, Encode
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Chapter 1

Introduction

Low power VLSI design has been a topic of interest in the last decade. The subject has
been very much left isolated since the invention of integrated circuits. With the Moore’s
Law showing no signs of deceleration, the power consumption of VLSI chip is expected
to rise beyond the current status; so power consumption of a chip greatly emerges as a
popular topic in recent years. Furthermore, power consumption is also one of the major

issues in the System-on-Chip (SoC) system design.

In this thesis, we proposed a low power content-addressable memory (CAM) combining
two previously proposed architectures [4] [5], which applied precomputation method.
We built SPICE models of the proposed architecture as well as reference models of so
called Block XOR method and 1’s count method respectively, and figured out power

consumption, latency and area of the three models by Synopsys Hspice.

1.1 Low Power Requirement

In recent years, as the technology scales down to the nanometer dimensions, low power
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technique has became a critical design constraint for many electronic computing and
communications systems. The portable consumer electronics (e.g. PDA, cellular phones
and laptop computers) market is constantly demanding more powerful capabilities,
smaller and lighter products, and longer battery life. For this kind of devices, low power
is a key topic of the design requirement. Even in high-end computer systems, low power
is still a critical design consideration, since the expensive cooling and packaging costs

and lower reliability associated with high on-chip power dissipation are significant.

1.2 Power Dissipation in CMOS VLSI Circuit

In CMOS VLSI, source of power consumption can be summarized by the following

equation:

P total = /# dynamic -+ short—circuit - Jos leakage +P static (1 . 1)

Where:

P gynamic means dynamic power dissipation.

Pshort — cireuir means short-circuit power.

Pleakage means the power consumption of leakage current.
Paiic means the static power consumption.

Each of terms is explained in the following sections.

1.2.1 Dynamic Power

Dynamic power dissipation, also called switching power, is caused by charging and

discharging parasitic capacitance of transistors and wires in the circuit. This is the main
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source of power dissipation in CMOS VLSI circuit, accounting for about 75% of total

power consumption. It can be described by the following equation:

P

dynamic

:axfxcloadXVddzxp (12)

where -

a= Constant (from 0 to 1)

f = Switching frequency of the circuit.

Cioaa =Sum of all parasitic capacitance. For example, in 0.18 pm technology, the typical
value of Cjyaq is about 0.005pF to 1pF.

Via = Supply voltage of the system.

p = Switching probability of signal.

1.2.2 Short-circuit Power

Short-circuit power (Pspor—cireuir ) 1S caused by direct paths from Vg4 to ground that is
generated by transition activities of input signal values. Consider the CMOS inverter
shown in Figure 1.1, when the input changes from 1 to 0, there is a tiny period when
both NMOS and PMOS transistors are conducted, resulting in a short-circuit current
drawn from the V44 to ground.

VDD

i

IN—— ouT

aﬁ;fa

Figure 1.1: CMOS inverter.
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Assuming symmetric rise/fall delay and threshold voltage for NMOS and PMOS, the
short-circuit power dissipation of a CMOS inverter can be approximated by the

following equation [1].

P

short—circuit

=kx(Vyy =2V ) xtx Nx f, (1.3)

where

k = a constant that depends on the transistor sizes and the technology.

V'r= magnitude of the threshold voltage of the NMOS and PMOS transistors.
7 = input rise/fall time.

N = average number of transitions at the output of inverter.

fe =clock frequency.

Short-circuit power dissipation can be controlled to a small portion of the total power by
appropriately sizing transistors and reducing the input rise/fall times to all the gates in
the circuit. Short-circuit power dissipation is also reduced by scaling the supply voltage

or reducing the switching activity at the gate outputs.

1.2.3 Leakage Power

Leakage power consumption (Pekege) can be further divided into two components

shown in the following equation [2].

B@akage = (Isubthreshold + [diade) X Vdd (1 4)

In the above equation, Lysmresnoia refers to the current arise due to the fact that transistors

which are “off” still conduct some weak current. The expression of subthreshold current
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in the NMOS transistor of a CMOS inverter with input voltage Vi, varying between 0
and its threshold voltage Vy, is shown as follows [2].

s

Isubzhreshold =Kx VVeff xe (1 5)

where K and S are constants that depend on the technology and W,y is the effective
transistor channel width.

The term lgioqe refers to the currents flowing through the reverse-biased diodes that are
formed between the diffusion regions and the substrate. These currents are small for
former process technologies, but they are no longer neglectable due to the popularity of

submicron technology.

1.2.4 Static Power

In fully complementary CMOS circuits, static power consumption may result from
degenerated voltage levels at the inputs of a static gate, or selector-conflicts and
bus-conflicts where multiple drivers attempt to drive a signal to different logic values.
Such situations are undesirable, and are typically avoided through proper circuit design
techniques. Static power consumption is also important for logic families such as
pseudo-NMOS, where a gate consists of a single pull-up PMOS transistor and an

NMOS network, in which there is a constantly conducting supply-to-ground path.
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1.3 Content-Addressable Memory

1.3.1 CAM Overview

Content-addressable memory (CAM) is a memory architecture that is often used to
implement IP lookup table functions in a single clock cycle. Instead of returning data
stored within the memory, a CAM compares input search data with its stored data in
parallel. If the search is successful, which means that a stored word matches the search
word, the CAM outputs the address of the matching data. Figure 1.2 shows the
conceptual view of a content-addressable memory. Input to the CAM block is the search
word. It is broadcast to all the data words within the table through the searchlines. The

depicted CAM contains m words each consisting of n bits.

matchlines

stared data word 0 J \\\
stored data word 1
stored data word 2 -
% match
. § 7 lacation
stored data word m-2
stored data word m-1 L
.
searchlines
search data register

A~ nhits

search word

Figure 1.2: A simplified CAM architecture.

Each stored data word has its own matchline connected to an encoder. In this example
the stored data word at memory position 2 matches the search data. In the case of match,

the matchline of the corresponding address is in a high state whereas all the matchlines
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of the mismatching data words are pulled to low. If the CAM is configured to allow
multiple matches for a single search input, the encoder is replaced by a priority encoder,
which outputs the address of the higher priority match. Data words at a lower address
have a higher priority than the data words at higher addresses. As stated above, the
CAM architecture is able to compare all its stored words with the search word and to
output a match address in case of a match within a single clock cycle. With this single
clock cycle throughput CAM is faster than other hardware- or software-based search
architectures. This high speed table lookup is achieved by using dedicated comparison

circuitry that is active in parallel and thus consume high power.

1.3.2 CAM Applications

CAM is widely used in a variety of applications that need high search speeds. However,
the primary commercial application of CAM is the usage within network routers. Here
we describe the application of CAM to packet forwarding in network routers. We
briefly summarize packet forwarding and then show how a CAM implements the packet

forwarding operations.

Table 1.1: An example of a routing table.

Input address | Output port

010010 A
100100 B
011011 C

101010 D
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Using an address-lookup function, network routers forward data packets from an
incoming port to an outgoing port. The address-lookup function examines the
destination address of the packet and selects the output port according to that address.
The router maintains a list, called the routing table, which contains destination
addresses and their corresponding output ports. An example of a simplified routing table
is shown in Table 1.1. All four entries in the table are 6-bit. The router searches this
table for the destination address of each incoming packet, and selects the appropriate
output port. For example, if the router receives a packet with the destination address

010010, the packet is forwarded to port A.
CAM

010010
100100
011011
101010

010010

00

decoder

encoder

Figure 1.3: CAM-based example of the routing table of Table 1.1.

Figure 1.3 illustrates how a CAM accomplishes address lookup by implementing the
routing table shown in Table 1.1. In the left half of figure, the packet destination address
of 010010 is the input to the CAM. As in the table, the encoder chooses the upper entry
and generates the match location 00, which corresponds to the most-direct route. This
match location is the input address to a RAM that contains a list of output ports, as
depicted in Figure 1.3. A read operation of a RAM outputs the port designation, port A,
to which the incoming packet is forwarded. We can view the match location output of
the CAM as a pointer that retrieves the associated word from the RAM. In the particular
case of packet forwarding the associated word is the designation of the output port. This
CAM/RAM system is a complete implementation of an address-lookup engine for

packet forwarding [3].
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1.4 Thesis Organization

The remainder of this work is organized as follows. Chapter 2 introduces the CAM
basics to gain a better understanding of the CAM architecture. Chapter 3 firstly
introduces two relative researches about the proposed CAM architecture and then
describes how our proposed Encoded PB-CAM architecture operates in detail. Chapter
4 shows how we implemented the two reference CAM models and our proposed CAM
model by SPICE code. In chapter 5, the power consumption, latency and area of the
Encode PB-CAM architecture are thoroughly evaluated by Hspice simulation. In

chapter 6 we summarize the result of this thesis.



Chapter 2

CAM Basics and Related Works

In chapter 2, we introduce the main building blocks that every content-addressable
memory is composed of, and explain how the high-speed parallel comparison is
implemented. After the building blocks have been described, a brief overview of
different levels of design approaches of related research work will be presented.
Because our proposed Encoded PB-CAM is a variation of [4] and [5], later we will put

more emphasis on both of the two architectural methods in chapter 3.

2.1 CAM Cells

A schematic of a conventional 9T CAM cell is shown in Figure 2.1. The bit storage unit
is a standard 6T SRAM cell and hence the READ as well as WRITE operation is
identical to a 6T SRAM cell. The connection of drain and source of control transistor
My is dependent on the matchline connection type, which decides whether the relative
matchline discharge or not, so the explanation of search operation is left in later sections.

In this section we merely describe READ and WRITE operations.



Chapter 2 CAM Basics and Related Works

11

BL sSL [ | SLb BLb

Figure 2.1: A9T CAM cell.

Vdd

—
- _E?lm

3N
e e

_HCTL |

BL sSL | | sLp BLb

Figure 2.2: WRITE operation of a 9T CAM cell.
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2.1.1 WRITE Operation of a CAM Cell

The WRITE operation is achieved by feeding complementary data to the bitline and
bitlinebar (denoted as BL and BLb in the figure) and enabling the wordline (denoted as
WL), which turns on the access transistors (NW1 and NW2). Since NW1 and NW2 are
turned on, the internal nodes Q and Qb of cross-coupled inverters are written by the data

on BL and BLb.

Figure 2.2 in previous page shows an example of writing logic “0” into a cell storing
logic “1”. In the beginning, Vo = “Vg4¢” and Vg, = “GND?”, resulting in P2 and N1
turned off, P1 and N2 turned on. Once the WL enabled (WL rises to Vgq4), access
transistors (NW1 and NW2) conduct and result in currents Ig_ and Ig.p, which form
voltage dividers (P1-NW1 and NW2-N2). If these transient currents could flip one of
the nodes (Vg and Vqp) to the threshold voltage of inverter, the other node is also soon
flipped by the cross-coupled feedback path, so a careful sizing of transistors P1-P2 and

N1-N4 is necessary to guarantee the correctness of WRITE operation.

2.1.2. READ Operation of a CAM Cell

The READ operation is achieved by firstly precharging both BL and BLb to V44 and
then enabling WL. Figure 2.3 in next page shows an example of READ operation where
logic “0” is stored within the cell (i.e. Vo = “GND”, Vb = “Vg¢”). Since the BL drivers
are turned off during the READ operation, current Ireap discharges BL through NW1
and N1. BLb remains at V4g because voltage of node Qp also equals Vq4. Therefore,
there is a small voltage drop between BL and BLb, which is amplified to a rail-to-rail
voltage by bitline sense amplifier (BLSA). Because the BL are shared among all the

cells in a column, the parasitic capacitance on BL are considerable.
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Vg Vg
WL=1 WL=1
- P1 P2 I: 1
| | j g )" _4 i |

1 NW1 Q=0 NW2| 1
IREAD A
L e
N1 N2

= 3 N -

I N
NCTL

BL sL ] SLb BLb
Figure 2.3: READ operation of a 9T CAM cell.

The small voltage swing in the BLs reduces power consumption and the access time
during the READ operation. As shown in Figure 2.3, the current Ireap raises the voltage
of V. Thus, the driver transistors N1 and N2 are sized such that Vo remains lower than
threshold voltage of inverter, and hence the data within cell does not flip during READ
operation. Typically, the driver transistors N1 and N2 are sized 1.5 to 2 times wider than

the access transistors NW1 and NW?2.

2.2 Search Mechanism

In this section, we introduce the internal search mechanism of a CAM cell. In order to
simplify the schematic, we omit the NMOS access transistors and bitlines which are

only used in READ and WRITE operation.
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Figure 2.4: Schematic of a CAM that stores four words, each consisting of four bits

Figure 2.4 shows a schematic of a CAM that stores four data words. Each data word
consists of four bits that are arranged horizontally and stored within CAM cells. CAM
cells are the main building block of every CAM architecture and responsible for storing
the data bits as well as comparing the stored bits with the search word. The four CAM
cells that represent a data word are connected to the corresponding unique matchline.
Between the matchline and decoders are sense amplifiers. Each bit of the search word is
connected to a complementary pair of searchlines connecting to the CAM cells of the

corresponding bit position.

Figure 2.5 shows both XOR type and XNOR type CAM cells consist of store and
compare units. As mentioned in previous section, the store unit is usually implemented
as the traditional 6T SRAM cell, and the compare unit needs two NMOS transistors to
perform the comparison between the stored and search data. Besides the store and
compare units, a pull-down transistor Mcr, which is controlled by the comparison unit,

is necessary to connect or disconnect the matchline (ML) to the ground. Consider the
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XOR cell shown in Figure 2.5(a), when logic “1” is stored in Q ( logic “0” stored in Qb)
and a logic “1” is fed to SL (logic “0” is fed to SLb), a logic “0” will be transferred from
SLb to the gate of pull-down transistor Mcr., cutting off Mcr and keeping ML floating.
Whereas in Figure 2.5(b), when logic “1” is stored in Q ( logic “0” stored in Qb) ,and a
logic “1” is fed to SL (logic “0” is fed to SLb), a logic “1” will be transferred from SLb
to the gate of pull-down transistor Mcr., turning on Mcrt. and connecting ML, to MLp.1.
Consequently, in a XOR cell, if searched data on SL is identical to the data stored in Q,
then ML will be kept HIGH; in a XNOR cell, if searched data on SL is identical to the

data stored in Q, then ML, connected to MLp+1.

Q_I>°_Qb Q >° Qb
< <
P

T T1 S

—1 N\ 7 b i P ) Y -|_|_ M
ML ML, McTL ML+ 1
McrL
SL = SLb SL SLb
(a)XOR (b)XNOR

Figure 2.5: (a) XOR type CAM cell. (b) XNOR type CAM cell.

2.3 Matchlines

The matchline is the central structure of a CAM. Not only does it comprise the CAM

cells, it also evaluates the voltage with the matchline sense amplifiers (MLSA) and
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generates a corresponding output result. There are two different kinds of matchline
structures which are the NOR matchline and the NAND matchline. The obvious
difference is that the NOR matchline uses XOR type CAM cells as opposed to the
NAND matchline that uses XNOR type CAM cells. Apart from that, there are slight

differences in design and performance that will be discussed in the following sections.

2.3.1 NOR Matchline

Qo Qb Q, Qnb Vag
;Te—ol JMpre
MecTLo IIALICTLn
SL, L SLgb Sl > SL,b

Figure 2.6: Schematic of the NOR matchline structure [3].

A NOR matchline consists of XOR type CAM cells that are connected in parallel as
shown in Figure 2.6. The typical search process consists of three phases. These three
phases are searchline precharge, matchline precharge and match evaluation. In the
searchline precharge phase all searchlines are precharged low. Like this, all the
pulldown paths are disabled to prevent the incorrect report of a mismatch although there
has not been a comparison yet. In the matchline precharge phase the matchline is
precharged high by the My transistor. The matchline is now in a temporary match state
which is a prerequisite for the match evaluation phase. In this last phase of the search
cycle the search word is broadcast onto the searchlines and the match evaluation takes

place in each of the NOR CAM cells. A single CAM cell mismatch will connect the
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matchline to ground and thus discharge it to a low state. If all CAM cells report a match,
the matchline will keep its precharged high state. The matchline sense amplifier now
evaluates the voltage on the matchline and if it senses a low state, it reports a miss;
otherwise the match condition is fulfilled. Due to its parallel nature, the NOR matchline
evaluates a hit or a miss at a very high speed which is the main feature of the NOR

matchline.

2.3.2 NAND Matchline

Qo Qob Q, Qnb v
dd
i B B e
I ——
[ ] [T MLSAS
eval -Iﬁfﬂeval Mcro  MLo MLy Mcrin ML,
- SL, SLob SL, SL.b

Figure 2.7: Schematic of the NAND matchline structure [3].

Figure 2.7 shows the NAND matchline structure. In this structure the matchline is
formed by XNOR type CAM cells. The search cycle of the NAND matchline differs
from the NOR matchline due to the different architecture of the cell type used. In the
first phase the precharge transistor My sets the initial matchline voltage to Vgq. Then
the search word is broadcast onto the searchlines. To start the evaluation phase, the
evaluation transistor Meya IS turned on. When turned on, the evaluation transistor
connects the matchline to GND. So in the match case where all the pass transistors
within the XNOR type CAM cell will be turned on, the precharged voltage will

discharge to a low state. If at least one CAM cell has a mismatch, the connection to
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GND will be cut off and the matchline maintains its precharged high state.

2.3.3 Comparison

As opposed to the NOR matchline structure, the matchline sense amplifier of the
NAND matchline interprets a high matchline state as a miss and a voltage drop as a
match. The NAND matchline is slower than the NOR matchline structure. In the worst
mismatch case just the last CAM cell in the XNOR cell chain reports a mismatch. So
the final evaluation result will not be ready until each of the CAM cells was traversed in
a serial manner. The critical evaluation path leads through all the pass transistors of the
CAM cells that form a word as opposed to just two transistors of one of the pulldown

paths in the parallel NOR matchline structure in case of a one bit miss.

2.4 CAM Relative Research

This section gives a brief overview of Precomputation-Based CAM that has been
proposed to reduce the high power consumption of content-addressable memories. This
architectural technique can be implemented in at least two different methods that will be
discussed more detail later in the beginning of next chapter since they served as a

foundation for the proposed Encoded PB-CAM.

The precomputation-based approach has a character that the whole matchline is just
evaluated under some particular condition. The precomputation method works with
different stages of evaluation. The basic idea of this approach is to extract some extra

information, the so called parameter, from every data word and store it alongside the
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data within the CAM. When a search operation takes place, the same parameter
extraction algorithm is applied to the search word. Data words and their respective
matchlines are considered possible matches when their precomputed parameter matches
the precomputed parameter of the search word. So before the main comparison is done,
the precomputed parameter of the search word is compared with the precomputed
parameter of the data words stored within the CAM and just those matchlines are driven
high and therefore considered as a possible match whose parameter matches the
parameter of the search word. This method saves energy by just driving high matchlines
that can be considered as a possible match in spite of driving high all the matchlines as

conventional CAM.

PARAMETER
P <:| EXTRACTOR <:| SEARCH DATA

Figure 2.8: A concept view of precomputation.

Figure 2.8 is a concept view of precomputation. Instead of comparing the search word
with all the data stored within the CAM, the parameter extractor extracts the search
word’s unique parameter. In the first comparison stage this search word parameter is

compared with all the stored parameters of the data words in the CAM. Just the data
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words who share exactly the same parameter are considered a possible match because
the same parameter extractor was used for both the search word and the data words. In
the depicted example the parameter of data word 0 and data word 2 match the parameter
of the search word as indicated by the same color. Just the matchlines of these two data
words will be precharged high and thus evaluated. When implementing the
precomputation method in the CAM architecture, it is necessary to employ an extra
precomputation function that equally distributes the outcome of the computation among
all possible extraction results. This is comparable to hash functions that strive to
produce hash sums with a minimum likelihood of collision with other hash sums. If a
parameter extractor extracts the same parameter for most of its different inputs, the
whole precomputation process has no purpose since most of the parameters would
match in the first comparison stage. Furthermore, because the whole extraction process
should be as fast as possible and cannot take up 'too much time, the parameter should be

easy to compute.



Chapter 3
Encoded PB-CAM

In this chapter, we firstly introduce the precomputation-based technique called 1’s count
parameter extraction method proposed in [4], as well as the 7-tansistor (7T) CAM cells
within it. Then we explain the drawback of 1’s count method and how it is overcame by
the so called Block-XOR precomputation-based method, which is proposed in [5].
Although the number of data words related to a single parameter is equal among all the
possible parameters by using Block-XOR method, however, the power-saving 7T CAM
cell is no more adoptable, only conventional 9-transisitor (9T) CAM cells are suitable
for it. Finally, in our proposed Encoded PB-CAM, we introduce one extra bit for every
4-bit block in Block-XOR method, such that the 7T CAM cell can also be applied to it,

thus saving power.

3.1 Preliminary Work on PB-CAM

In this section, we introduced two PB-CAM that our proposed Encoded PB CAM is

based on, which have been proposed by Lin in 2003 [4] and Ruan in 2008 [5]
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respectively. These two methods are excellent, but there are still some limitations that

we have to overcome.

3.1.1 1’s Count

The precomputation approach was first applied to content-addressable memories by Lin
[4]. In [4], the parameter circuitry that extracts the parameter from the data words as
well as from the search word implements a 1’s count. In WRITE operation, the number

of “1”s within a data word is counted firstly and then stored alongside it within the

CAM.
110, 111111
000, 000000
001, 000001
011, 010101 —
011, 1711000 —
100, 17111010
010, 001100
011 || . | 111000

Figure 3.1: Conceptual view of the 1’s count precomputation method.

In the SEARCH operation, the same parameter extraction circuitry also computes the
number of 1’s in the search word. In the first comparison stage, the number of 1’s of the
search word will be compared to the parameters within the CAM and just those
matchlines with a matching parameter will be precharged as depicted in Figure 3.1. Just
the data words with a precharged matchline will be compared with the search word in

the final comparison stage which results in power savings.
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Table 3.1: Average probability and number of data related to the 1’s count

parameters of a 14 bit word.

1’s count | Related input data | Average probability
0 1 0.01%
1 14 0.09%
2 91 0.56%
3 364 2.22%
4 1001 6.11%
5 2002 12.22%
6 3003 18.33%
7 3432 20.95%
8 3003 18.33%
9 2002 12.22%
10 1001 6.11%
11 364 2.22%
12 91 0.56%
13 14 0.09%
14 1 0.01%

Total 16384 (2 100%

This precomputation method however proved to be not very efficient since the number
of data words that are related to the same parameter is not equally distributed among the
different 1’s count results. In [5], the disadvantages of using the 1’s count as a
precomputation method were illustrated. Table 3.1 and Figure 3.2 show the average
probability and the number of data related to the same parameter of a 14-bit word, when
the 1’s count function is used to extract the parameter. As depicted, there are many
more input words that share a 1’s count of seven than for example a 1’s count of zero,
which is not desirable for the parameter. A desirable parameter extractor would equally

distribute the number of data related to the same parameter among all the different

possible parameters.

23
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Figure 3.2: Distribution of input data among all parameters for the 1’s count of a

14 bit word.

Another disadvantage of the 1’s count is the complexity of the parameter extraction
circuitry. The 1’s count function is implemented with interconnected full adders that
need several consecutive levels before the result is computed (shown in Figure. 3.3).
For a 14-bit word the circuit complexity to implement the 1’s count function might still
be tolerable but with a growing number of data bits the area needed and the delay
caused by the circuitry increases to a strong level which will affect the overall

performance of the CAM.
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Figure 3.3: 14-bit 1’s count parameter extraction circuit of [4].
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In 1’s count method, it is no doubt the conventional 9T CAM cell is suitable for storing
data in those data words. However, a smart power-saving 7T CAM cell is also proposed
in [4], which deserves to be mentioned here because it is a part the main building block

of our Encoded PB-CAM.

A 7T CAM cell is shown in Figure 3.4. This cell is composed of a standard
five-transistor D-latch device to store a data bit and a NAND-type comparison circuit
containing two NMOS to form a discharging path for the matchline. In the 7T CAM ell,
the access performance is worse than in traditional 9T CAM cells because of the
single-ended writing structure. However, the poor writing performance dose not matter

because the writing operation seldom occurs in CAMs.

WL, — 1

1T DO&b
NMOS1

Matchline
—0<} NMOS2

NMOS3

BL,

Figure 3.4: A7T CAM cell.

Compared with the traditional CAM cell circuit, the proposed PB-CAM cell circuit has
an incorrect condition accrued in the SEARCH operation. Notice that when the stored
data Q,is logic “1” and the search data on BL,is logic “0”. This is a case of mismatch
(BL, is unequal to stored data Q,) and the matchline should be pulled down to GND,
but an undesirable condition happens here: BL, and Qnb turn off NMOS3 and NMOS2,
respectively. As a result, the input data mismatches the stored data, but the match line is

kept in a precharged voltage (Vgq).
25
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Table 3.1: Truth table of 9T cell and 7T cell.

Search data on |Stored data in
status 9T T
BL, Qn

0 0 Vg Vud
Match

1 1 Vg Vud

1 0 0 0

mismatch
0 1 0 Vad

The truth table of both the conventional 9T CAM cell and the 7T CAM cell is shown in
Table I. Although 7T cell has an incorrect condition occurring in the data searching
operation, it can be ignored based on the explanation of the conceptual view of word
structure shown in Fig 3.5. The 1’s count PB-CAM word circuit has three cases for the

data searching operation, each of them are explained as below.

- = QA
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! <: coi;lster <): 0 0 1 0

Figure 3.5: Conceptual view of word structure composed of 7T cells.
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Case | : search data on BLs equal the stored data word. In this case, since the parameter
also equals to that of the search data word, the matchline is precharged to Vgq. The

precharged matchline has no discharge path to GND, so logic “1” is left as the output.

Case Il : parameter and search data on BLs are both not equal to the stored data word. In
this case, the parameter also mismatch that of the search data word, the matchline is not

precharged and kept in logic “0” as output.

Case I11 : parameter of the search data equal to that of the stored data word, but the data
on BLs mismatch the stored data word. In this case, the matchline is precharged to Vgq,

but there is at least one pull-down path to GND, so logic “0” is the output.

In the example shown in Figure 3.5, a data “0010”, which has the 1’s count parameter
of 1, is being searched. It is fed into 1’s counter and the data word block simultaneously,
as a result, all data word relative to/1’s count of 1 is precharged. Observe that among
those precharged data word, “0001”, 0100 and “1000” are unequal to searched data
“0010”, they have the pulled down path respectively because there is at least a stored

“1” evaluated to a “0” on the bitlines. Eventually, the 7T cell works correctly.

3.1.2 Block XOR

To overcome the previously described problems, Ruan introduced a new parameter
extraction method called Block-XOR approach [5]. Instead of counting the ones of a
given data word, every four bits of the data word form a block and from every 4-bit
block one single parameter bit is extracted by using three XOR gates as shown in Figure

3.6.

27
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Pm pl PU
Figure 3.6: N bits Block XOR circuitry of [5].

There are two main advantages of the Block XOR approach as compared to the 1’s
count method. Most importantly, the number of data words related to a single parameter
is equal among all the possible parameters. Table 3.2 shows all the 16 different 4-bit
combinations and their resulting parameter when extracted with the Block XOR method.
As can be seen from the table, a 0’ as well as a ’1’ within the parameter bits is both
related to eight different 4-bit combinations. For further illustration, we have a look at
the number of related data to a 4-bit parameter that was extracted from a 16-bit word
using the Block XOR method. Each single 0" or "1’ of the parameter is related to eight
different 4-bit combinations of the data word, and since the 4-bit blocks are not
interdependent the multiplication rule can be applied to show that each parameter has
8x8x8x8 = 4096 input words related to it. A 16-bit word has 2'° = 65536 different data

words, so the 16 parameters are equally distributed among all the input words.
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Table 3.2: All 16 4-bit combinations and their resulting Block XOR parameter.

4 hit block | Block XOR Parameter
0000 0
0001 1
0010 1
0011 0
0100 1
0101 0
0110 0
0111 1
1000 1
1001 0
1010 0
1011 1
1100 0
1101 1
1110 1
1111 0

The other advantage is the easy implementation of the Block XOR method. Even for
larger input words, it is simple to implement the XOR parameter computation. Each
parameter bit is extracted by just three XOR gates which makes this method not only

easy to implement but also very fast.

Although the Block XOR method solves inequality of distribution of data related to the
same parameter among all the different possible parameters, the power-saving 7T CAM
cell is not feasible for storing data word. Figure 3.7 shows the reason why we can not

make use of 7T CAM cell.

29
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Figure 3.7: The error condition occurs when using 7T CAM cell in Block XOR

method.

The search operation can be divided into three stages. Assume a group of data “0000” is
being searched in a Block XOR PB-CAM. Firstly, through the parameter extractor
composed of three XOR gates, a parameter of “0” is obtained. Secondly, the matchlines
of data words which have the same parameter as “0” are all precharged to V4. The error
condition occurs in the final stage, that is, the data comparison stage. Refer to Table
3.1, when “0000” is fed into the bitlines, because we use the 7T CAM cell, if the data
stored in the 7T cell is logic “1”, then the discharge path to GND would be disconnected,
as a result, the matchlines of data words “0011”, “0110”, *1100”, “0101”, “1010”,
“0101” and “1111” would be kept in V4q as output, which is a fatal error. This error
condition happens not only when “0000” is being searched, the same problem is also

taken place when any data word listed above is being searched.
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3.2 Encoded PB-CAM

Up to now, two excellent PB-CAM have been introduced in detail. In the former section,

the 1’count method adopts power-saving 7T CAM cell, but it suffers the problem of

number of data relative to a single parameter. Whereas the Block XOR method solved

the problem that 1’s count method suffers, but the significant drawback is that it can not

make use of the 7T cell. In this section, we propose an Encoded PB-CAM which strives

to combine the 7T CAM cells in 1’s count method with the Block XOR parameter

extractor in the Block XOR method.

Parameter
Storage
Block

1L

7T CAM Cell Block

Datamatch )

il

XOR
Rerameter Bitline Buffer
Input {? i
ENCODER

Data

Figure 3.8: Proposed Encoded PB-CAM.

3.2.1 XOR Parameter Extractor

Figure 3.8 shows the main building blocks of the Encoded PB-CAM example

architecture. The Encoded PB-CAM architecture is still a precomputation-based

31
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architecture, which means that a parameter will be computed for each data word and
stored alongside it within the memory banks. In the search process the same parameter
extraction circuitry that extracted the parameter from the stored data words extracts the
parameter from the search word. The parameter is then compared to all parameters
within the active bank and just those matchlines with a matching parameter are driven
high in order to activate them for the final comparison process. In our proposed
Encoded PB-CAM, we use the same Block XOR parameter extractor that has been
proposed by Raun in [5]. The operation of Block XOR parameter extractor has been

introduced in section 3.1.2, so now we do not place emphasis on it.

3.2.2 Matchline Selection

Pa Vg i Vi 10 Vag
CLR - o o
. T T .
WL | 1 1
'Q[>n _'I_l'_.Q[>1 _'|_|'_.Q[>0
L L L
el |
| T L | T L | T L
Parameter
detector

PRE

Figure 3.9: Static parameter comparison circuit in [4].
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Figure 3.9 shows the parameter comparison function which is realized by the static
CMOS structure. The operation of this circuit is similar to the conventional CAM word
circuit, which compares the parameter of the input data with the parameter of stored
data and then generates the PRE signal to decide whether precharge the related
matchline or not. It is composed of the ten-transistor CAM cell with the clear signal and
the comparison detector which is implemented by an OR gate is utilized to identify the
comparison result. The operation of this circuit is introduced as follows. In the
parameter writing operation, the WL signal rises to Vqq to allow the parameter of input
data to be written into the parameter storage unit. In the parameter comparing operation,
if the parameter of input data mismatch the parameter of data word that have been
previously stored in the storage unit, then the output signal PRE of the comparison
detector becomes logic “1” to disable the PMOS MPpre shown in Figure 3.10.
Otherwise, the output of parameter detector equals zero to enable Mpgre and form a

current source of related matchline.

Parameter

PRE
Comparison —Ol l:MPPRE

circuit

N
Matchline L~

7T cell 7T cell Teal) 1 [MNew
Q“'l Qn-2 Q()

BL,. BL,- BL,

Figure 3.10: Matchline structure with parameter comparison circuit.
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3.2.3 Encoding Scheme

As mentioned in the end of section 3.1, the Block XOR architecture can not make use of
power-saving 7T CAM cell because the error conditions that occur when searching

some specific data word. Through our proposed encoding skill, we overcame this

problem and combined the 7T cell with Block XOR parameter extractor.

Table 3.2: Truth table of proposed encoding scheme.

Table 3.2 (a)
parameter Input Data Reduced Data Encoded Data
0000 000 11000
1001 001 10001
1010 010 10010
0011 011 01011
° 1100 100 10100
0101 101 01101
0110 110 01110
1111 111 00111
Table 3.2 (b)
parameter Input Data Reduced Data Encoded Data
1000 000 11000
0001 001 10001
0010 010 10010
1011 011 01011
' 0100 100 10100
1101 101 01101
1110 110 01110
0111 111 00111
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Observe that the 16 kinds of different possible input have already been silently divided
into the two halves at first stage of parameter comparing, a half is those which have an
XOR parameter as “0”, other half are those which have an XOR parameter as “1”. The
truth table of our proposed encoding scheme is shown in Table 3.2(a) and 3.2 (b). No
matter the parameter is 0 or 1, there are only eight different input associate to each of
the parameter, so we leave DO to D2 and abandon D3. That is to say, in fact, after the
Block XOR parameter extraction, we only have to store three bits for the second stage
of data comparison rather than the whole four bits. But even so, the 7T cell is still not

adoptable.

Take input data “000” and “111” for example, when we search “000” toward “111”, the
matchline has no discharge path and results in a mistake. So we must “create” a
discharge path for the matchline. If we store “000” as “11000”, and “111” as “00111”,
then when search “11000” toward “00111”, a discharge path of matchline appears
because the search operation includes a “0” toward “1”, which creates a discharge path
for the matchline. And this purpose needs an extra encoder to accomplish. Table 3.2

shown in previous page contains the encoded data of each input data.

3.2.4 An Example of Proposed Encoded PB-CAM Operation

Figure 3.11 shows an example of parameter extraction and data encoding where the
input data is “10101110”. Through our example, we can obtain parameter “01” and

encoded data “0101010110”.
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Figure 3.11: An example of parameter extraction and data encoding.
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3.3 Encoded PB-CAM Benefits and Constraints

3.3.1 Encoded PB-CAM Benefits

We know bitlines are quite a high power consumption part inside the architecture of the
memory device because it has parasitic capacity of a lot of MOSFETs. As to the 9T
CAM cell, every cell needs two complementary bitlines to make comparisons with the
data that have been stored in cell. And by our proposed encoding skill, though we
transform four bits into five bits, all we paid is an extra encoder and one more CAM cell
for every four bit blocks. But actually we turned four 9T CAM cell into five 7T CAM
cell, furthermore, we reduced the number of high power consumption bitlines.
Regardless of power consumed by the extra encoder, only consider the total number of
MOSFETSs that compose of those CAM cells of & four bit data word, it has reduced. For
example, a 32-bit data word which is composed of 9T CAM cell, it requires 9x32 =288
MOSFETs with 64 bitlines, and we only need 7x40=280 MOSFETs with 40 bitlines
after encoding. The extra encoder is only made up of several logic gates, it does not
cause too much power consumption and cost almost no area. So compare to Raun’s

original Block XOR method, power consumption thus reduced.
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3.3.2 Encoded PB-CAM Constraints
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Figure 3.12: A conceptual view of suggestion when applying PB-CAM to a larger

system.

When applying these PB-CAM architectures to a large system, we notice the number of
bits of extracted parameter equals the number of bits of input divided by four. Suppose
we have a system of 144-bits input, then there would be 36-bits parameter. And the
comparison result of this 36-bits parameter would be fed into the parameter detector
which is implemented by an OR gate. Even after optimized, such an OR gate still cause
a long delay time, So we suggest that when applying this architecture to a large system,
it would be better to divide the whole system into several smaller ones, and feed those
matchlines in the same address into an AND gates, then take the output of the AND

gates as match signals. The conceptual view is shown in Figure 3.12.
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SPICE Implementation

In order to be able to thoroughly evaluate the proposed Encoded PB-CAM architecture
in terms of power consumption and latency, SPICE models of the two reference
architectures as well as the proposed Encoded PB-CAM architecture were designed and
implemented. In our simulation, we use HSPICE with 0.18 um technology file to
evaluate power consumption and latency. Besides the encoder that is unique for

Encoded PB-CAM, all the building blocks are identical in three architectures.
The two SPICE models shall be described in this chapter for the following purposes:

»  Illustrate how an implementation of the Encoded PB-CAM architecture could look
like and clarify how the implemented architecture exactly operates.

» Highlight the differences of the new approach as compared to the standard
approach.

»  Identify possible implementation problems or parts of the architecture that might

have to be improved for real applications.

In the following sections the implementation of the three SPICE models will be

described in detail.
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4.1 Specifications

In order to be able to compare the simulation results of the references and the Encoded
PB-CAM model, the three implementations have the same data word capacity and data
word length. The models designed for this evaluation can both store up to 128 data

words within their memory and the input data words are 32 bits long.

In our architecture, the address decoder and address encoder are identical to that used in
the conventional CAM architecture, so these devices are not included in our evaluation

of power consumption and latency.

4.2 Encoded PB-CAM Implementation

5 |E 5| o
= | 35| Parameter g 2
S e 28
g |2 Storage Data Storage N
~ |@| Block Block £l =
wn . — wn
o |3 (8Bit X (32Bit X 128word) = 09
S |§|  128word) 2 =
< © S| <

Parameter Bitline Buffer

Extractor Input Encoder

&J 32 Bit input

Figure 4.1: A simplified block diagram of proposed CAM architecture.

As mentioned above, we do not include address encoder and address encoder in our

evaluation. We only take the power consumption of parameter extractor, valid bit
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column, parameter storage block, data storage block, bitline buffer and matchline buffer

into account.

4.2.1 Parameter Extractor

D31..D0

Parameter Extractor P,..Py )

Figure 4.2: Conceptual view of Parameter Extractor.

Figure 4.2 shows a conceptual view of parameter extractor. Input of the parameter

extractor is a 32 Bit data Ds; to Dy and the P; to Py as the output. Inside the parameter

are eight combinational logic blocks which are composed of three XOR gates, as shown

in Figure 4.3.

S

Figure 4.3: An example of XOR gates inside the Parameter Extractor.

4.2.2 Valid Bit Column

A valid bit is used to decide whether a row of data is valid or invalid. In our design, if
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the valid bit is set as “0”, then the relative data word is valid. Otherwise, the relative
data word is invalid. When a data word is set as invalid, even if the stored data match
the search data, the matchline is not precharged. In other words, it is not included in the

lookup table represented by this CAM.

To achieve this goal, we use an extra D-latch to store the valid information, and feed the
output of this D-latch directly to the input of parameter detector, as shown in the figure

below.

Parameter
detector

: PRE
Py
Valid bit

Figure 4.4: Configuration of valid bit of a data word.

4.2.3 Parameter Storage Block

The parameter storage unit is used to store the parameter bit that is extracted from the
input data when the lookup table function is built up. Because in our design, we have 32
bit input, through the parameter extractor, we obtain 8§ bit parameter word. In the search
operation, parameter extractor extracts the parameter from input data and feed these
parameters into the storage block to compare with that stored inside the block. If a row
of parameter all identical to the search data and the row is set as valid, then the input Py
to P; and valid bit of detector are all “0”, which results the PRE signal become “0” and
turns on the PMOS to precharge the matchline of relative data word. Otherwise, one of

input of parameter extractor would be “1”, which turns off the PMOS current source.



Chapter 4 SPICE Implementation 43

4.2.4 Bitline Buffer Implementation

The bitline buffer is one of the most obvious differences between XOR PB-CAM and
Encoded PB-CAM. In our Encoded PB-CAM, we do not need a complementary signal
for the 7T CAM cell, however we encoded each 4-bit block into 5-bit. So totally, we
need 40 bitline buffers. Whereas in the Block XOR PB-CAM, although there are only 4
bit in a block, it requires complementary signal to ensure a correct search operation, so
totally it needs 64 bitline buffers. The conceptual views are shown in Figure 4.5 (a) and
(b), respectively. Observe that in Figure 4.5, the input is encoded data EDy to ED39and

output is BLj to BL39 where the complementary signal is not contained.

{? BL() ...BL39

Bitline buffer for Encoded PB-CAM

u EDy...ED3o

(@)

{?BLO BL()bBL31 BL31b

Bitline buffer for Block XOR PB-CAM

u D()...D31

(b)

Figure 4.5 (a) and (b): Bitline buffer for both architectures.
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4.2.5 Data Storage Block

The CAM cell block is the main building block used to store the data words, here we
use 7T cell in our proposed architecture and 9T cell in Block XOR PB-CAM

architecture.

4.2.6 Matchline Buffer

As in [4] and [5], we merely use two sequential CMOS inverters as the matchline buffer,

so in our simulation result, the logic High performs the MATCH signal.

4.2.7 Input Encoder

EDy...ED39

Input Encoder

| D,D;D,.D31
Figure 4.6: Input encoder.

The input encoder is the unique building block that appears in our proposed method. Its
input is the search data word D; to D4, D¢ to Dg and so on, and the output is encoded
data EDy to EDj9. Its function is to encode a block of 3-bit input data into 5-bit output
data which is suitable for the matchlines consist of 7T CAM cells. It is quite hard to

realize the relationship between input data and the output data, so we implemented the
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desired function by means of the aid of EDA tool. Figure 4.7 shows the synthesized
circuitry by Synopsys Design Compiler. As shown in the figure, despite of the inverter,

we need only six extra basic logic gates to implement our desired function.

auts
ot
outd

oty

ok

Figure 4.7: Input encoder synthesized by Synopsys Design Compiler.
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Simulation Results

In our design, we adopt Hspice to carry on simulation and verification of the whole
circuit. Hspice can simulate the behavior and power consumption accurately so that we
can avoid mistake in the design. As mentioned in the previous chapter, the memory

capacity of Encode PB-CAM is 128 words by 32 bits;

During our simulation work, we firstly simulate the write operation of the CAM cell.
Our purpose is to make sure the sizes of transistors in the CAM cells are all correct so
that we can ensure our design is capable of executing write operations. After the write
operation has been done, we started up to measure the power consumption and delay

time of search operation of the whole architecture.

5.1 Power Consumption

In order to evaluate and compare the power consumption of the reference Block XOR
PB-CAM model and the Encoded PB-CAM SPICE model, a set of random input stimuli

was generated to simulate the search operation. These stimuli were then fed to the two
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models and the average power consumption as well as RMS power were measured and
output by .lis file after the simulations were finished. The search data were generated by
a random number generator that produces uniquely distributed random data. Table 5.1
shows the Hspice simulation results for the input stimuli when run on the 0.18 um

technology model with V44 = 1.8V. Figure 5.1 illustrates these results in a bar diagram.

Table 5.1: Comparison of power consumption.

Encoded Block XOR 1’s count
PB-CAM PB-CAM PB-CAM

Average power (mW) 9.21 12.05 13.41
RMS power (mW) 16.23 21.27 17.38
Power-performance
11.24 14.71 16.37
(fJ/bit/search)
Power-performance
68.7 89.9 100

comparison (%)

power-performance (fJ/bit/search)

20 16.37

0
Encoded PB-  Block XOR  1's count PB-
CAM PB-CAM CAM

Figure 5.1: Power-performance comparison of Hspice 0.18 pm technology

simulation.

The simulation shows significant energy savings of the Encoded PB-CAM compared to
the Block XOR PB-CAM and 1’s count PB-CAM. It results from the application of the

power saving 7T CAM cell and uniformly distributed parameters.
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5.2 Latency

In this section, we compare the latency of the three models. The latency is measured
from the moment that input rise to half swing of system supply voltage to the moment

that one of the matchlines also rises to half swing of system supply voltage.

Table 5.2 shows the delay time and power-delay product of three models. As we can see
in the table, our proposed Encoded PB-CAM has a 0.3 ns longer delay than the Block
XOR PB-CAM, which is caused by evaluation of the input encoder. However, Encoded
PB-CAM has the best power-delay product among the three models. Figure 5.2 in next

page depicts the bar diagram of latency and power-delay product.

Table 5.2: Comparison of latency.

Encoded Block XOR 1’s count

PB-CAM PB-CAM PB-CAM
Average delay (ns) 2.51 2.23 3.64
Latency comparison (%) 68.9 61.3 100
Power-delay product 28.2 32.8 59.6
Power-delay reduction (%) 47.3 55.0 100

60
50
40
30
20
10

251 223 364

delay (ns) power-delay product

B Encoded PB-CAM O Block XOR PB-CAM @ 1's count PB-CAM

Figure 5.2: Comparison of delay and power-delay product.
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5.3 Area

Here in this thesis, the area costs for the two reference model as well as the Encoded
BP-CAM model are estimated by the number of transistors used in the implementations.
Because the implementations of the three models are very similar, the area comparison
in this case is fair. The only two implementation differences are the CAM cell and the

input encoder; all the other building blocks are identical in the three models.

Hspice not only outputs the power consumption and the waveforms of the input and
output signals, but also the number of transistors used by the SPICE models. Figure 5.3
shows that the implementation of the Block XOR PB-CAM consists of 52,224
transistors, while in the Encoded PB-CAM model just needs 51,455 transistors, and 1’s

count PB-CAM consists of 41042 transistors.

number of MOSFETSs

31455 22224

50000 41042
40000
30000
20000
10000

NN

0
Encoded PB-  Block XOR  1's count PB-
CAM PB-CAM CAM

Figure 5.3: Number of MOSFETs used in both models.

As illustrated in Figure 5.3, the area costs of Encoded PB-CAM and Block XOR
PB-CAM are almost the same, and the 1’s count PB-CAM requires less area. Although

our Encoded PB-CAM costs much area, it saves power. So it is a worth trade off.
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Conclusion

The objective of this work was to combine the advantage of two different
precomputation based content-addressable memory, then implement it and evaluate
reduction on power consumption and latency as well as the silicon area compared to the

1’s count and Block XOR precomputation-based CAM architectures [4],[5].

The proposed Encoded-CAM architecture combines the circuit techniques of 7T CAM
cell mentioned in 1’s count precomputation-based CAM [4] and parameter extractor
proposed in [5] by means of an extra input encoder so that the power consumption and
power-delay product are significantly reduced. By the extra input encoder, we make use
of 7T CAM cell to store data words and hence reduce the number of high
power-consumed bitlines from 64 to 40 in a 32-Bits CAM architecture, thus the total

power are saved.

The precomputation technique of the Encoded PB-CAM architecture accounts for a
magnificent reduction of power consumption. The two-level comparison process
excludes all the data words from the final comparison stage that do not have a matching

parameter in the first comparison stage. This eliminates unnecessary comparisons and
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therefore saves energy.

To evaluate the Encoded PB-CAM architecture in terms of power consumption, area
and latency, SPICE models of the proposed architecture as well as reference 1’s count

and Block XOR PB-CAM architecture were designed and implemented.

The SPICE models were used within the Hspice circuit simulation tool with 0.18 um
technology file. To evaluate the power consumption of the three models, random input
stimuli were generated. These input stimuli were used in the simulations to compare the

average power consumption of the two models in search mode.

We built a 32-Bits 128 words model to evaluate power consumption, latency and area
cost of both models. Hspice simulation shows Encoded CAM reduces 23.6% of average
power consumption and 14% power-delay product compared to Block XOR PB-CAM .
Furthermore, it reduces 31.3% of average power consumption and 52.7% power-delay

product compared to 1’s count PB-CAM.

Reducing the leakage power dissipation, without compromising speed performance, is
one of the recent major research topics in VLSI design. Our work dose not put emphasis

on leakage current, which could be left as future research topic.
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