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ABSTRACT

As manufacture process scales down rapidly, the design of
ternary content-addressable memory (TCAM) requiring high
storage density, fast access speed and low power consump-
tion becomes very challenging. In recent years, many novel
TCAM designs have been inspired by the research on emerg-
ing nonvolatile memory technologies, such as magnetic tun-
neling junction (MTJ), phase change memory (PCM), and
memristor. These designs store a data as the resistive vari-
able of a nonvolatile device, which usually results in limited
sensing margin and therefore constrains the searching speed
of TCAM architecture severely. To further enhance the per-
formance and robustness of TCAMs, we proposed two novel
cell designs that utilize MTJs as data storage units—the
symmetrical dual-N structure and the asymmetrical P-N
scheme. In both designs, a body bias feedback circuit is
integrated to enlarge the sensing margins. Compared with
an existing MTJ-based TCAM structure, the tolerance in
gate voltage variation of the symmetrical dua-N (asymmet-
rical P-N) scheme can significantly improve 59.5% (21.2%).
The latency and the dynamic energy consumption in one
searching operation at the word length of 256 bits are merely
590.35ps (97.89ps) and 65.05fJ/bit (36.85f.J/bit), not even
mentioning that the use of nonvolatile MTJ devices avoids
unnecessary leakage power consumption.
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1. INTRODUCTION

Ternary content-addressable memory (TCAM) compares
an input searching data against a table of stored data and
returns the address of the matching one(s) [1]. As process
technology scales down, the design of conventional SRAM-
based TCAMs faces severe difficulties due to the relatively
low cell density, large leakage power consumption and de-
teriorated reliability. Although data is rarely updated in
TCAMs, maintaining them in SRAM cells results in huge
leakage power consumption which starts dominating the over-
all energy of TCAM architecture. Moreover, the scaling of
SRAM designs has been much slower than that of fabri-
cation processes due to the deteriorating device reliability.
Furthermore, the searching speed of SRAM-based TCAMs
approaches the design limitation [2].

To increase data storage density, reduce power consump-
tion and improve searching speed, TCAM designs based on
emerging nonvolatile memories (NVMs) have been exten-
sively studied. The nonvolatile storage of these technolo-
gies makes significant reduction in static power consump-
tion [3|[4]. The fast access speed and good scalability po-
tentially help improve the TCAM density and enhance the
searching speed as well. Among various NVMs, magnetic
tunneling junction (MTJ) could be one of the best candi-
dates for TCAM design considering its technology readiness
and commercialization status [5].

Some examples of the latest MTJ-based TCAM designs
include 9-transistors-6-MTJs (9T-6MTJ) [6], 3T-2MTJ [7]
and 20T-4MTJ [8] structures. In these designs, a logic bit
is represented by the high or low resistance states (HRS or
LRS) of one or a few MTJ devices and the searching op-
eration is realized through detecting the resistance value.
Compared to SRAM-based TCAM with 12 transistors (12T-
SRAM) (9], these designs significantly decrease the number
of transistors and therefore reduce the cell area [6][7][10].
Particularly, Xu et al. proposed a structure which utilizes
the voltage-dividing, instead of detecting the exact MTJ re-
sistance value in reading and searching operations [7]. Such
a structure effectively reduces the transistor numbers of a
single TCAM cell to 3.

However, all these MTJ-based TCAM designs face a se-
vere design challenge—the small difference of MTJ’s high
and low resistance values (usually only a few KQ2) produces a
very limited sensing margin, which significantly degrades the
reliability of TCAM design, prolongs the searching latency
and induces extra power overhead. The benefits from the
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Figure 1: (a) SRAM-based TCAM de51gn; (b) A

MTJ-based TCAM cell structure [7].

nonvolatile device utilization will be also amortized. Very re-
cently, Onizawa et al. proposed a 20T-4MTJ TCAM struc-
ture with very fast searching performance [§]. However, its
cell area and leakage power increase dramatically, even com-
pared with conventional 12T-SRAM version [9).

To conquer the small sensing margin issue and improve the
sensing speed and design robustness of MTJ-based TCAMs,
we propose two new cell structures, namely, symmetrical
dual-N and asymmetrical P-N designs. Both schemes uti-
lize the voltage dividing scheme [7] for data reading and
searching. Besides, a body biasing feedback circuit is em-
bedded. It forms a positive feed mechanism to adaptively
adjust the effective resistances of select transistors and there-
fore improve the sensing margin. We evaluated our designs
at 45nm CMOS technology [11] and the MTJ model based
on the implementation of 40nm perpendicular anisotropy
structure [12]. The simulations demonstrated significant im-
provement in sensing speed and energy consumption. For
the word length of 256 bits, the symmetrical dual-N scheme
can obtain a searching latency of 590.35ps and the dynamic
energy consumption of 65.05fJ/bit, under the worst-case
scenario. The asymmetrical P-N design has even larger sens-
ing margin, further reducing the searching latency to 97.89ps
and the dynamic energy consumption to 65.05f.J/bit.

2. PRELIMINARY

21 TCAM

A TCAM cell allows three types of data values: logic 1,
logic 0, and X representing a don’t care value—the state
that always output match no matter what the searched bit
is. In conventional SRAM-based TCAM design, the three
different data values are represented by two SRAM cells, as
shown in Figure[Ia). The match line (ML) is connected to
a sense amplifier in reading and searching operations, while
a pair of source lines (SL and SL) are used to supply the pro-
gramming or searching data. Such an SRAM-based TCAM
cell requires 12 transistors to achieve a satisfactory reliabil-
ity and performance, resulting in high leakage power as well
as a large cell area.

Figure b) illustrates the fundamental storage principle
of an NVM-based TCAM cell [7]. Two magnetic tunnel junc-
tion (MTJ) devices are used to represent the three possible
logic values. The matching function is realized by detecting
the voltage at the internal node (Vout) which is determined
by the resistances of the two MTJs as well as transistors T'1
and T2. Here, the voltage margin AV is defined as

AV = (1)
where Vi1 and V§yr respectively denote the lowest bound
of match condition and the highest possible value in miss
condition.

The two select transistors (T1 and T2) are necessary to
control data access. However, their effective drain-to-source
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Figure 2: (a) An illustration of MTJ; (b) the MTJ
resistance distribution.

resistances squeeze the voltage margin AV to a limited range,
which severely constrains the searching speed and therefore
the applications of the design. To address the issue, we pro-
pose to utilize body-bias feedback circuit which can enlarge
the sensing margin by tuning the effective resistances of the
two select transistors properly.

2.2 Basics of MTJ

The structure of a magnetic tunnel junction (MTJ) is
shown in Figure 2fa). It composes of two ferromagnetic
layers (namely the reference layer and the free layer) and
a tunneling oxide layer (e.g., MgO) between the two ferro-
magnetic layers.

A MTJ can be programmed into two resistance states.
When injecting a current from the free layer to the reference
layer, the magnetization orientation of the free layer can be
switched to be parallel to that of the reference layer. In this
case, the MTJ demonstrates a lower resistance value (Riow),
representing logic “0”. Otherwise, the anti-parallel orienta-
tion of the two ferromagnetic layers result in a higher re-
sistance (Rhrign ), denoting logic “1”. The difference between
two resistance states is denoted by tunnel magnetoresistance
ratio (TMR) as TMR = (Rhigh — Riow)/Riow-

The logic state stored in a MTJ device can be detected
by sensing out the its resistance value Rymry, which is re-
lated to the thickness of the tunneling oxide and the surface
area of the device. Thus, process variations can significant
affect the MTJ resistance. For example, Figure b) shows
the distributions of the high and low resistance values of
MTJs in a 64x64 array [13]. The means of the high and
low resistance states are Ruigh = 4K and Riow = 2K, re-
spectively. As shown in the figure, the gap between the two
resistance states reduces to merely 1K after including the
impact of the process variations, making fast read/searching
operations very difficult [12].

3. THE BODY BIAS FEEDBACK SCHEME
3.1 Design Principle and Mechanism

To address the small sensing margin and slow searching
speed of MTJ-based TCAMs, we propose two new cell struc-
tures based on the same basic circuit scheme depicted in Fig-
ure [3(a). Same as the 3T-2MTJ TCAM in [7], our designs
also use a pair of MTJs (bl and b2) to represent the three
possible logic values. Each MTJ is associated with a select
transistor for access control. Instead of directly detecting the
exact resistances of MTJs, the proposed design adopts the
voltage-dividing property of two serially-connected MTJs as
the searching principle.

More importantly, we propose to integrate a body-biasing
feedback circuit to enhance the sensing margin. In the work,
we denote Vour as the gate control of the discharging tran-
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Figure 3: The proposed TCAM designs: (a) The fundamental design, where the arrows indicates signal flow.
Vout is the gate voltage of Tm. (b) The NVM-based TCAM architecture, in which each word consists of n
bits. The match line (ML) is precharged to Vi; through T0. (c¢) The symmetrical Dual-N TCAM cell. Vg
and Vr2 are the feedback signals that respectively control the body bias of T1 and T2. (d) The asymmetrical
P-N TCAM cell. A single feedback signal Vr is used to control the body bias of the two select transistors.

sistor Tm. As aforementioned in Section the effective
drain-to-source resistances of T1 and T2 involve into the
voltage dividing function, greatly constraining the ranges of
V8ur and VEyr. Determined by the voltage level of Vour,
the feedback circuit in our designs can adaptively adjust the
body controls and hence tune the resistances of T1 and T2,
further pulling Vour toward the expected condition. As
such, the voltage margin AV increases.

Table[I]summarizes the truth table of the proposed TCAM
designs. Two MTJs bl and b2 together represent the stored
data. For example, to save logic “1”, bl and b2 shall be
programmed to the high and the low resistance states, re-
spectively, denoting as (b1l,b2) = (1,0). And the searching
output Vour is determined by the combination of bl, b2,
SL and SL. To continue the example, if SL and SL are re-
spectively set to Vaq (“17) and gnd (“0”), Vour will end at
a relatively low voltage level which is not sufficient to turn
on the discharging transistor Tm, implying a match. On the
contrary, a relatively high Vour can be generated when SL
and SL are set as “0” and “1”, respectively. Tm is turned on
to discharge ML, resulting in a miss. The don’t care value
in a TCAM cell can be obtained by programming both bl
and b2 to high resistance state. In this case, no matter what
combination of SL and SL, VouT remains at a relatively low
level, corresponding to the match condition.

The key of the design is to keep the low level of Vour
below the threshold voltage Vi, of Tm while making sure
that its high level beyond Vi . However, Vour is de-
termined by the voltage dividing of the upper and lower
branches so it might not be able to reach the ideal Viq (gnd)
as its high (low) level. For convenience and accuracy, we will
use “semi-high” and “semi-low” to indicate the level of Vour
from henceforth.

Figure 3{(b) illustrates the TCAM architecture of the pro-
posed design. Prior a searching operation, the match line
(ML) shall be precharged to Vzq. During the following search-
ing phase, the wordlines (WLs) of the selected cells are
raised to high to turn on the select transistors. For any bit
i, the searching data and its complementary are supplied to

Table 1: Truth Table of NVM-based TCAM Design

Stored Data —

SL LV Conditi
Togic | (bl,b2) S out | ondion
0 ©0,1) 0 1 L maffch
1 0 H miss
0 1 H miss
1 1,0

(1,0) 1 0 L match
Don’t care (1,1) X | X L match
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SL; and SiLi, respectively. In the case that the searching bit
does not match to the stored bit (i.e., miss), Vour,; switches
to a high level to turn on Tm; and discharge ML. Even there
is only one miss condition among the n-bits of a word, ML
that is connected to all the n TCAM cells cannot maintain
at the high voltage level. In other words, a positive match-
ing signal can be generated only when all the bits produce
match results and the discharging transistors in all the cells
are disabled.

3.2 Symmetrical Dual-N Scheme

We first present the symmetrical dual-N scheme which is
shown in Figure c). Here, Vour is connected to the input
of the feedback circuit.

Let’s use the case of (b1,b2) = (0,1) to explain how the
feedback circuit works in the scheme. If the searching in-
puts (SL,SL) = (1,0), Vour is semi-high. Transistors T3
and T6 are turned on while T4 and T5 remain off. In the
situation, Vg2 as the body bias of T2 becomes much larger
than Vg1, the body bias of T1. As such, the threshold volt-
age and hence the resistance of T2 grows faster than those
of T1. Th scenario further enlarges the resistance difference
of T1+ bl and T2 + b2, boosting up Vour to high. The
opposite searching inputs, on the contrary, will turn on T4
and T5 and greatly enlarge the resistance of T1 +bl. As a
result, Vour is further pulled down. In summary, a posi-
tive feedback loop is formed, which can adaptively tune the
resistances of T1 and T2 according to the logic of (bl,b2)
and input searching data (SL,SL). The design aggravates
the voltage difference between match and miss conditions,
that is, the sensing margin AV

There are totally 11 transistors required in a symmetrical
dual-N TCAM cell. Though the feedback circuit can help
enhance the sensing margin and improve the robustness of
the TCAM design, the access control by NMOS type tran-
sistors T1 and T2 always cause threshold voltage drop at
the circumstance of passing Viq from either SL or SL. The
corresponding simulation results can be found in Section @

3.3 Asymmetrical P-N Scheme

We propose the asymmetrical P-N TCAM design to mod-
erate the voltage drop problem in the symmetrical dual-N

Table 2: The Imbalanced Vout of The Asymmetrical
P-N Design

SL | VgUT when miss | V%UT when match | AV
1.0V 997.85mV 194.88mV 802.97mV
0.0V 998.06mV 370.69mV 627.3TmV




Table 3: The Comparison of Various TCAM Designs

Design | Dual-N (this work) | P-N (this work) | 3T-2MTJ |7] | 12T-SRAM |9]
MTJ TMR 1 1 1 N/A
Riow 2KQ 2KQ 3KQ N/A
Technology Node 45nm 45nm 45nm 45nm
Vaa 1.0V 1.0V 1.0V 1.0V
Circuit Cell Structure 10T-2MTJ 8T-2MTJ 3T-2MTJ 12T

Sensing Margin 189.7mV 802.4mV 56.45mV 792.9mV
Sensing Latency’ 590.34ps 97.89ps 2.3ns 132ps
Sensing Energy per Search 65.05 f J/bit 36.85fJ/bit 80.56 f J/bit 90.75 f J/bit

T The sensing latency was obtained for the word length of 256 bits under the condition that 255 bits match to the input

searching data while 1 bit is missed.

scheme. The circuit structure is illustrated in Figure d),
where PMOS transistor T1 and NMOS transistor T2 are
adopted for access control. Here, Vour is supplied by the
post-amplified signal.

The asymmetrical P-N scheme follows the same funda-
mental searching principle and the same feedback mecha-
nism as the symmetrical dual-N cell design. Note that the
effective resistances of NMOS and PMOS transistors have
the opposite dependency on the body bias voltage. More
specific, an identical body bias can result in the increase of
a NMOS and decrease of a PMOS simultaneously, or vice
versa. Thus, we only need two transistors T3 and T4 to
supply the body bias in the asymmetrical P-N scheme. The
total transistor number reduces to nine.

The most significant difference of the asymmetrical struc-
ture from the previous symmetrical version is the use of
select transistors. As aforementioned, the threshold voltage
drop of NMOS transistor occupies a large portion of the volt-
age margin, inspiring the symmetrical P-N design. However,
the issue cannot be completely solved under all the possible
combinations of (b1,b2) and (SL, SL).

The simulation results in Table |2| show that the asym-
metrical P-N scheme helps improve AV in most of scenarios
except when (b1,b2) = (1,0) and (SL,SL) = (0, 1), which
in fact exacerbates swiftly the voltage margin due to the
unbalanced gate-source voltage condition. This is a typical
design trade-off between the cell area and the sensing mar-
gin. Even though, the simulation and analysis in Section [
still show the asymmetrical P-N design can obtain the best
sense margin and therefore the fastest sensing performance.

4. SIMULATIONS AND EVALUATION

We implemented the proposed TCAM designs and evalu-
ated the performance through circuit simulations in Cadence
Virtuoso environment. The 45nm CMOS technology with
the power supply of Vga = 1V was adopted [11]. The MTJ
device model was based on the implementation of 40nm per-
pendicular anisotropy structure .

We first examine and compare the sensing margins of
the proposed schemes with existing MTJ-based TCAM de-
signs |7] as well as conventional 12T-SRAM based on the
design in @l Table |3[ summarizes the simulation results, in-
cluding the sensing margins, the sensing latency, as well as
the energy consumption.

In this section, the major design factors that affects the
performance and robustness of MTJ-based TCAMs are dis-
cussed and analyzed based on simulation details. After-
wards, the searching speed and power consumptions of the
proposed designs are presented and discussed.
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4.1 Impact Factors of Sensing Margin

For the proposed TCAM design structures that leverage
the voltage dividing for data detection and searching, the
sensing performance is greatly affected by the balance of
the two access transistors (T1 and T2) as well as the resis-
tance variations of MTJs (bl and b2). Accordingly, there
are three major factors that potentially degrade the sensing
margin: the unbalance in gate voltage supplies to T1 and
T2, the CMOS process variations, and the MTJ resistance
variations. In this subsection, the impacts of these three de-
sign factors on the TCAM robustness will be investigated.

4.1.1 The Unbalanced Transistor Gate Voltage

The gate voltage variations of T1 and T2 are firstly in-
vestigated. The impacts on Vour and the sensing margin
AV are shown in Figure El In the simulations, we assume
that T1 is turned on with an ideal gate voltage, i.e., 1.0V
in the symmetric dual-N scheme and 0V for an asymmetric
P-N cell. The gate voltage of T2 is then swept from 0V to
Vaa = 1.0V.

For a design z, Vaur(z) and VGyr(x) are used to denote
the lowest voltage level of Vour under the miss condition
and its highest possible value when the searched and stored
bits matches, respectively. The simulation results for three
MTJ-based TCAM designs are presented, including the two
schemes proposed in this work (Dual-N and P-N) and the
3T-2MTJ design |7] used as the baseline in the work.

Figure a) and (b) demonstrate the exact Vour and the
corresponding sensing margin change of the three designs,
which is obtained by

2)

AV (z) = [Vour(z) — Vour(@)|-
As shown in the figure, Vour that is dependent on the match
and miss conditions changes dramatically with the gate volt-
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Figure 4: The impact of the gate voltage of access
transistors T1 or T2 on (a) Vour and (b) the voltage

margin.
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Figure 5: (a) The disequilibrium represented the re-
lation of the sensing margin and the select transistor
size ratio . The y — axis on the left is for the sym-
metrical dual-N scheme and the right one is for the
asymmetrical P-N design. (b) The impact of MTJ
resistance variation represented by the change of the
voltage margin with the MTJ resistance ratio x.

age of T2. AV (z) is a key criteria to evaluate the robustness
of a given design x. We observe that the asymmetric P-N
scheme obtains the highest sensing margin of 627mV | even
when the gate voltage of T2 reduces to about 450mV. The
results demonstrates that the P-N scheme has the strongest
resilience on the variations of the access transistor effective
resistance .

Comparably, the symmetrical dual-N design has the small-
est margins as T2’s gate voltage exceeds 600mV . However,
it can steadily maintain the voltage margin in the largest
input range — even when the gate voltage of T2 approaches
to 300mV. Thus, under the extremely worst-case scenario
when considering all the forms of reliability hazards, the ro-
bustness of the symmetrical dual-N design could be the best
among these three designs.

4.1.2 The CMOS Process Variations

The process variations can also break the balance of T1
and T2 to cause disequilibrium. So we investigate the impact
of variations resulted by CMOS technology.

Figure a) shows the manifestation of disequilibrium rep-
resented by the sensing margin versus parameter 1 which the

ratio of transistor dimension, that is, n = Widthr; /Widthrs.

Here, WidthT; and Widthr2 denote the width of transistors
T1 and T2, respectively. In the simulation, we keep Widthrs
unchanged meanwhile changing Widthr: to obtain different
7. The simulated curves indicate that the variation in 7
results in distinguished voltage margins.

For the symmetrical dual-N scheme, the largest sensing
margin is obtained at = 1 when T1 and T2 are identical.
Increasing or decreasing 7 can result in the sensing margin
reduction when “0” or “1” is stored in the cell, receptively.
Thus the overall system performance degrades. Note that
the two curves are not symmetric. This is because we kept
Widthre unchanged so that a bigger 1 corresponds to larger
transistors in use. The simulation results also imply that
the system performance degradation has a slower rate when
increasing the size of T1 and T2, thought it will results in
large design area. As for the disequilibrium of P-N design,
the voltage margin stays a high level because the Vour re-
mains amplified after the two-inverter buffer.

4.1.3 The MTJ Resistance Variation

An unavoidable variation factor comes from the NVM
storage unit itself. For a MTJ device, the linear variation of
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Figure 6: The transient response of key signals: (a)
symmetrical dual-N design; (b) asymmetrical P-N
design.

the oxide layer thickness can cause the exponential change
of the effective MTJ resistance according to the quantum
tunnel effect. Thus the impact of MTJ resistance variations
should be addressed.

Figure b) shows the change of voltage margins according
to the ratio of MTJ resistance £ = Rp1/Rp2. Similarly, we
fixed Rpe in the simulation and changed the value of Rp;:.
Thus, the change of x indeed reflects the variation of MTJ’s
TMR ratio, such as

(TMR+1)"" ifr<1 3
TMR + 1 ifk>1 )

As expected, the MTJ variation plays a crucial role in the
proposed designs. Naturally, the larger x induces a bigger
gap between the sensing voltages of match and miss condi-
tions. Consequently, the voltage margin is larger.

We also want to point out that at kK = 1, the cross point
of the two curves of the same design refers to the sensing
margin induced solely by the feedback circuit. More specific,
point A is for the asymmetrical P-N scheme and point B is
the one of the symmetric dual-N design. The observation of
AV(A) > AV(B) is consistent to the result in Figure [|b)
— the asymmetrical P-N design has a larger voltage margin
than that of the symmetrical dual-N design.

4.2 The Searching Speed

The searching speed is the most crucial performance factor
of TCAMs, which is directly related to the sensing margin.
We compare the sensing speeds of the proposed schemes with
the baseline MTJ-based TCAM design |7] and conventional
12T-SRAM [9]. The results are shown in Table (3] Here, the
sensing latency was obtain for the word length of 256 bits
under the worst-case operation condition: only one bit is
different from the input searching bit so that the discharg-
ing current at ML is minimal. Compared to the baseline
design [7], the searching speed of the asymmetrical dual-N
scheme improves 12.7x while the enhancement of the asym-
metrical P-N design is more than 76.5x.

Figure @(a,b) presents the transient process during the
searching operations for the symmetrical dual-N design and
the asymmetrical P-N scheme, respectively. The simula-
tions show a slight degradation on ML voltage level when
the evaluation results in a matching. This is because of the
electrical charge leakage through the discharging transistors
in each TCAM cell, since no keeper is used in the proposed
designs. The signal of ML is regulated via an inverter, gen-
erating the output signal Load-Out in the figure.
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The length of word and the operation condition can also
greatly affect the speed of sensing operations as our simula-
tions shown in Figure[7] Same as the above, the worst-case
condition occurs when only one bit in the stored data is dif-
ferent from the input searching one. The best-case scenario,
in contrast, assume the discrepancy happens at all the bits
so that the charge on ML is sunk through the discharging
transistors fo all the TCAM cells. The simulation shows that
searching speed under the best-case situation doesn’t change
much as the word length increases. However, the worst-case
latency increase quickly as bit number grows and therefore
the overall capacitance on ML increases. Comparably, the
symmetrical dual-N design with smaller sensing margin is
much slower than the asymmetrical P-N design. ical dual-N
design are lower than those of the asymmetrical P-N design.

4.3 The Searching Energy Consumption

The energy saving is a key incentive in developing the
NVM-based TCAM designs. Compared with conventional
SRAM-based TCAMs, the non-volatility of these emerging
devices allows zero standby power consumption. Besides,
we evaluated the dynamic energy consumption in searching
operation and summarized the results in Table[3] Compared
with 12T-SRAM design, the proposed symmetrical dual-N
and asymmetrical P-N designs can obtain about 35.6% and
63.5% energy savings, respectively.

S.  CONCLUSIONS

At advanced technologies, NVM-based TCAM designs pos-
sess exceptional potential in density improvement and power
saving. However, the emerging nonvolatile storage units en-
counter insufficient sensing margins that results in low de-
sign reliability and poor access speed. We proposed to uti-
lize an adaptive body bias feedback scheme to enhance the
sensing margin of MTJ-based TCAMs. Determined by the
select transistor types in use, two cell structures were pre-
sented: the symmetrical dual-N design and the asymmetrical
P-N scheme. We thoroughly analyzed the key design factors
that affect the performance and reliability of the proposed
TCAMs. Both designs demonstrated distinguished enhance-
ment with the enlarged sense margins, fast searching speed
and dynamic energy reduction. These characteristics are
remarkably beneficial to commercial applications requiring
high-performance TCAMs.
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