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1. Introduction

With the rapid growth of Internet of Things (IoTs) applications, copious data are transmitted on various network environ-
ments, and the demand for fast network routing also increases continually. Ternary content-addressable memory (TCAM) is
a high-performance search engine, and it is often equipped in a network router because of its parallel searching capability.
However, the parallel searching capability causes tremendous power consumption and also presents many design challenges
[1].

The power consumption of a TCAM comes primarily from match-lines (MLs), search-lines (SLs), and clock and control
circuits [2]. To solve the problem of TCAM’s power consumption, many low-power methods have been proposed, some
reducing TCAM’s dynamic power [3-5] and some controlling TCAM’s static power [6-8]| consumption. However, according
to the reports of the International Technology Roadmap for Semiconductors [9], memory occupies the greatest area on a
modern chip, and the static power required for memory increases when the technology progresses. Although the shrinking
of the bulk CMOS size improves circuit performance and transistor density, it also induces a large leakage current and a
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short-channel effect. A fin field-effect transistor (FinFET), a tri-gate field-effect transistor, was developed and is frequently
used to reduce the short-channel effect and leakage current. Several FinFET-based TCAM designs [7,8] are also proposed to
explore minimum energy-delay products.

In contrast with other studies, in this paper, the multisegment voltage self-controlled TCAM (VoSCT) is proposed to
reduce the leakage power of TCAM by automatically controlling the back-gate voltage of the independent-gate FinFETs (IG-
FinFETs) in a segment. In the VoSCT, an n-bit TCAM entry is partitioned into several segments, and each segment operates in
one of three modes: high-speed mode, low-power mode, or ultra-low-power mode, according to its mask data. In the high-
speed mode, the TCAM segment works in the same manner as traditional TCAM; in the low-power mode, the VoSCT controls
the back-gate voltages of TCAM cells to reduce leakage power consumption. In ultra-low-power mode, the VoSCT not only
controls the back-gate voltages but also turns off the CAM cells’ supply voltages to further reduce the leakage power. Our
simulation results indicated that the proposed VoSCT reduces considerable leakage power with only a few performance and
area penalties.

The rest of this paper is organized as follows. Section 2 introduces the FinFET structure and the architecture of FinFET-
based TCAM. Section 3 describes the proposed voltage self-controlled technique. Section 4 presents the experimental results
concerning the VoSCT. Finally, Sections 5 and 6 provide the discussion and conclusion of this paper, respectively.

2. Background
2.1. FinFET structure

Distinguished by gate structure, the two types of FinFET are tied-gate FinFETs (TG-FinFETs) and IG-FinFETs. As shown
in Fig. 1(a) and (b), the front gate and back gate of the TG-FinFET are connected, enabling them to be controlled with the
same input signal. As a result, TG-FinFET can provide a large drive current and short latency. For an IG-FinFET, as shown in
Fig. 1(c) and (d), its front gate and back gate are separated. The front gate is biased with input signals to form the channel,
and the back gate is disabled (VDD for a p-type IG-FinFET and GND for an n-type IG-FinFET). Because only one gate forms
the channel, the delay for an IG-FinFET is longer than that for a TG-FinFET, but the threshold voltage V,;, of an IG-FinFET is
higher than that of a TG-FinFET—an IG-FinFET has lower leakage power than a TG-FinFET. Moreover, when the back gate is
biased with Vpg (for a p-type IG-FinFET and Vpg > VDD) or Vyg (for an n-type IG-FinFET and Vyg < GND), the V, of an
IG-FinFET is much higher than that without Vpg or Vyg. This means that the leakage power can be further reduced.

Table 1 shows an example of IG-FinFET leakage current for various back-gate voltages. In the case of a p-type IG-FinFET,
when the front gate voltage is 1 V and the back-gate voltage increases from 1 V to 1.1 V (1.2 V), the leakage reduction
achieved is 80.56% (93.89%). For an n-type IG-FinFET, when the front gate voltage is 0 V and the back-gate voltage changes
from 0 V to —0.1 V (0.2 V), the leakage reduction achieved is 80.89% (94.05%).

2.2. FinFET-based TCAM architecture

The core of a TCAM is a TCAM cell array. As shown in Fig. 2, a typical TG-FinFET-based TCAM cell consists of three major
components: (1) an 8T XOR-type CAM cell that not only stores the actual data but also compares the stored data with the
search data, (2) the mask cell, which is a 6T SRAM cell used for storing the mask bit to indicate whether this TCAM cell is in
the “don’t care” state or not, and (3) an evaluation logic implemented with two TG-FinFETs controlled by the mask bit and
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Fig. 1. Schematic structures for (a) N-type TG-FinFET, (b) P-type TG-FinFET, (c) N-type IG-FinFET, and (d) P-type IG-FinFET.
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Table 1
Leakage current of IG-FinFET with different back gate voltages.
IG-FinFET Voltage Leakage current (nA) Leakage reduction Delay (ps)
Front gate Back gate
P-type 1V 1v 9.407 - 39.38
1.1v 1.829 80.56% 40.20
1.2v 0.575 93.89% 41.37
N-type oV oV 12.429 - 16.03
-0.1v 2.375 80.89% 17.27
-0.2v 0.740 94.05% 18.53
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Fig. 2. Structure of TG-FinFET based asymmetric TCAM.

the CAM cell XOR result. The evaluation logic pulls down the ML when TCAM is mismatched. As evident in Fig. 2, because
the conventional TCAM uses the differential SL and differential bit-line schemes for performing the search and read-write
operations, each TCAM column contains two SLs (SL,SL) and two bit-lines (BL,BL). In the horizontal dimension, in addition
to the ML, each TCAM row also contains the data word-line (DWL) and the mask word-line (MWL) to write the data and
mask bit individually.

In contrast to the binary CAM cell, which only has “0” and “1” states, a TCAM cell has three states: “0”, “1”, and “don’t
care” (or “X”). As shown in Table 2, the TCAM state is determined by the mask data (M) and the TCAM data (D). When M
equals 0, representing that the TCAM cell is in the “don’t care” state, the evaluation result is a wild match, regardless of the
values for TCAM data (D) and search data (S). By contrast, when the mask bit is 1, the evaluation result is dependent on
the values of D and S. When D is equal to S, the evaluation result is a normal match, and the ML holds its voltage as VDD.
When D is not equal to S, which indicates a mismatch, the ML's signal is pulled down to GND.

3. Voltage self-controlled for FinFET-based TCAM
3.1. Continuous feature of TCAM mask data

In many applications, especially in the routing table of a router, the “don’t care” bits continuously appear in some seg-
ments. Table 3 shows two examples of routing tables with different prefixes. In Table 3, EX1 shows the IP 140.120.15.0/21,
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Table 2
Traditional TCAM State Table.

Mask data (M) TCAM data (D) Search data (S) TCAM state Match line Evaluation result

1 0 0 care VDD Normal match
1 1 1
0 1 care GND Mismatch
1 0
0 0 0 X VDD Wild match
0 1 1
0 0 1
0 1 0
Table 3
Two examples of routing table with different prefixes.
EX1 IP: 140.120.15.0/21 10001100.01111000.00001111.00000000
Mask: 255.255.248.0 11111111.11111111.11111000.00000000
EX2 IP: 140.120.10.0/24 10001100.01111000.00001010.00000000
Mask: 255.255.255.0 11111111.11111111.11111111.00000000
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Fig. 3. IG-FinFET-based TCAM in the VoSCT design.

which is divided into two parts. The IP 140.120.15.0 is stored in the CAM cells, and the prefix length of this IP is 21, which
is stored in SRAM cells as 255.255.248.0. The number “21” represents 21 “care” bits and 11 “don’t care” bits. EX2 shows
another example with 24 “care” bits and 8 “don’t care” bits, and where the mask is 255.255.255.0. As shown in Table 3,
the mask data obviously consist of continuous “1” s and “0” s. Accordingly, the proposed VoSCT partitions the TCAM cells
into several segments, and each segment controls its supply voltage and back-gate voltage autonomously. The self-control
mechanism is detailed in the following section.

3.2. IG-FinFET TCAM
To minimize the leakage power consumption, the aforementioned IG-FinFET is used to design the VoSCT, and one TCAM

cell of the VoSCT is shown in Fig 3. In the VoSCT design, the back gates of p-type IG-FinFETs are controlled by Vpg, which
is set to VDD, and the back gates of n-type IG-FinFETs are controlled by Vyg;, which is set to —0.1 V, except for N5, N6,
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Fig. 4. One segment of the VoSCT design.

Table 4

Three power modes of TCAM segments.
Power mode Mask bits Meaning Vg2 VDD for CAM cell
High-Speed 1---1 Care ov ON
Low-Power 1:--0 Boundary -0.1Vv. ON
Ultra-Low-Power 0---0 Don'’t care —-0.1V  OFF

N7, and N8 of the TCAM cell. These four transistors—N5, N6, N7, and N8, which affect the search performance of TCAM, are
biased by Vygo. The search performance can be enhanced when Vyp, is set to 0 V, and the leakage power can be reduced
when Vyp, is set to —0.1 V.

To maximize the leakage power reduction and minimize the search performance penalty, one TCAM entry is partitioned
into several segments. As seen in Fig. 4, for an entry consisting of n TCAM cells, the VoSCT partitions it into m segments,
and each segment has k (=n/m) TCAM cells. For example, when a 32-bit data entry is partitioned into four segments, each
segment has eight TCAM cells. Because m segments exist in one TCAM entry, and each segment operates in one of three
power modes, the leakage power can be reduced dramatically.

3.2.1. Segment power modes

As shown in Table 4, based on the mask data, one of three power modes can be adopted to control the segment’s power
consumption. The high-speed mode is provided for the segment in which all the mask data are “1” s, and the low-power
mode is used for the boundary segment in which some mask data are “1” s and others are “0” s. The third power mode
is the ultra-low-power mode, which is utilized for those segments in which the mask data are all “0” s. According to the
pattern of mask data, our voltage self-controlled method controls IG-FinFETs’ back-gate voltages and supply voltages for
corresponding segments. Fig. 5 shows a TCAM segment with voltage self-controlled technique. As evident in Fig. 5, Vnpy is
set to —0.1 V, and Vpg is set to VDD to achieve low leakage. Vg, is controlled by the least significant bit (LSB)’s mask data
of a segment, and the supply voltage of CAM cells is controlled by the most significant bit (MSB)'s mask data. The detailed
descriptions of the three power modes and their corresponding voltage settings are as follows.

(1) High-Speed Mode: In one segment, when all mask data store “1” s and all TCAM cells remain in a “care” state, all
the TCAM data should be compared with the search data. To enhance the comparison performance, Vyg, is set to
0 V. As seen in Fig. 5, all mask data are “1” s, namely signals M;=M,=...=M,=1. As a result, the MSB M, is “0”, and
the supply voltages of CAM cells are set to VDD to maintain the CAM data. Moreover, the LSB M; is also “1”, and
transistor N9(N10) is turned on(off), so that 0 V can be provided for those IG-FinFETs with Vyg, as their back-gate
voltages. In this situation, transistors N5 to N8 (of each TCAM cell) can quickly evaluate TCAM data and determine
whether to pull down the ML.

(2) Low-Power Mode: The mask data in one segment include both “1” s and “0” s. Thus, some TCAM cells remain in the
“care” state and others in an “X” state, and such a segment is called a boundary segment. A TCAM entry features at
most one boundary segment due to the continuous feature of mask data. In the boundary segment, the MSB of the
mask data is “1”, and the LSB is “0”. In Fig. 5, M, is “1” and Mj, is “0”, and the supply voltage of CAM cells is still set
to VDD to maintain the CAM data. However, the mask data M; is “0”, and consequently transistor N9 is turned off and
N10 is turned on to provide —0.1 V to Vg, for transistors N5, N6, N7, and N8 in each TCAM cell. In the low-power
mode, the leakage power can be reduced by using lower Vyg,, but the segment’s function is maintained.
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(3) Ultra-Low-Power Mode: When all mask data store “0” s and all TCAM cells remain in “X” states, the CAM cells’ com-
parisons cannot affect the final result. In this case, the data stored in CAM cells can be ignored and the corresponding
segment is set to the ultra-low-power mode. Similar to the boundary segment, mask data M; is “0”, and consequently
transistor N9 is turned off and N10 is turned on to provide —0.1 V for Vyp, of transistors N5, N6, N7, and N8 in each
TCAM cell. Unlike in the low-power mode, as seen in Fig. 5, when all mask data are “0” s, the signals are such that
M;=M,=...=M=0, and M, is “1”, the supply voltages of CAM cells are turned off (i.e., set to GND) to further reduce
leakage power consumption. When the supply voltage of CAM cells is turned off, the data (D and D) stored in the
CAM cells are lowered almost to 0 to reduce the voltage difference between the data and the power supply.

4. Simulation results

In our simulation, the Predictive Technology Model (PTM) 32-nm FinFET technology [10] is utilized to implement the
traditional TCAM and the VoSCT design. Use of the PTM, which bridges the process and material development and circuit
simulation through compact device modeling, is essential for assessing the potential and limits of new technologies and sup-
porting early design prototyping. For the traditional TCAM, Vyg = =0.0 V and Vpg = =1.0 V, and for the VoSCT, Vyg; = =-0.
1V and Vpg = VDD. The value of Vg, depends on the power mode of the corresponding segment, which is listed in Table 4.
To achieve voltage self-control, in the VoSCT, a 32-bit TCAM entry is partitioned into m segments, where m = 2, 4, and 8,
denoted as VoSCT_2, VoSCT_4, and VoSCT_8.

4.1. Mask data-writing behavior

To verify the correctness of data-writing behavior, Fig. 6 shows the simulation result of a VoSCT_8 segment that is sim-
ulated with HSPICE. As illustrated in Fig. 6, My to M; are the values of four mask cells, and Dal and Da2 are two bit-lines
that control the data writing of (M4, M3) and (M,, M), respectively. The initial value of MyM3M,M; is set to 0000, and
Dal and Da2 are both set to 1. When the clock reaches the first positive, the data are successfully written into mask cells,
and the value of MyM3M;M; is 1111. The values of Dal and Da2 are then set to 00, 10, and 11 in turn; the value of mask
M4M3M,M; then changes to 0000, 1100, and 1111, correspondingly. It follows, as illustrated in Fig. 6, that the writing be-
havior is correct.

4.2. Power consumption
Table 5 lists the leakage power, total power, energy, search delay, and transistor count of the traditional TCAM and the

proposed VoSCT. In Table 5, the traditional TCAM has the shortest search delay but the largest total power consumption
and energy consumption. Compared with the traditional design, VoSCT_8 reduces leakage power by 36.58% and total power

Clock

e 1 Write 1 | Write 0 Write 1 Write 1 — Dal

E b

’ ’l —_— Write 0 Write 0 Write 1 - Da2
e -

g ‘1 0 1 0 ) : M4

- v

"
-
|a

Fig. 6. Simulation result of mask data writing.

Table 5
Power, energy, delay, and transistor count comparison between traditional TCAM and the VoSCT.
Leakage power Total power Search delay Energy Transistor count
uw Reduction uw Reduction ps Reduction f] Reduction Number Reduction
Traditional 5.186 - 10.662 - 39.01 4.160 516 -
VoSCT_8 3.289 36.58% 8.536 19.94% 41.97 —7.58% 3.672 11.73% 548 —6.20%
VoSCT_4 3.159 39.09% 8.488 20.39% 42.38 —8.63% 3.687 11.37% 532 -3.10%

VoSCT_2 3.008 42.00% 8.360 21.59% 43.01 —10.25% 3.698 11.11% 524 —1.55%
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by 19.94%. However, it also increases search delay by 7.58% and uses 32 extra transistors. Similarly, VoSCT_4 and VoSCT_2
also reduce total power by 20.39% and 21.59%, with increases of 8.63% and 10.25%, respectively, in search delay. The VoSCT
designs reduce energy consumption by approximately 11% compared with the traditional design.

To further investigate the relationship between leakage power consumption and the number of “don’t care” (“X”) bits, a
simulation is created, and the result is presented in Fig. 7. In Fig. 7, when the number of “don’t care” bits is 0, all TCAM cells
of the entry remain in the “care” state, namely, mask bits are “1” s; when the number of “don’t care” bits is 24, all TCAM
cells remain in the “X” state. As seen in Fig. 7, the more TCAM cells remain in the “X” state, the less leakage power the
TCAM entry dissipates. The leakage power consumptions of the three VoSCT designs are similar to a staircase shape. Taking
VoSCT_4 as an example, one 32-bit TCAM entry is partitioned into four segments (VoSCT_4_3, VoSCT_4_2, VoSCT_4_1, and
VoSCT_4_0), and each segment has eight TCAM cells. When the number of “don’t care” bits equals 1, the mask data of the
LSB in VoSCT_4_0 is 0, and —0.1 V is consequently set to Vg, of VoSCT_4_0; specifically, VoSCT_4_0 is in the low-power
mode, and thus the leakage power can be reduced. This also occurs during X = 1 to X = 7. When X = 8, the mask data of
the MSB in VoSCT_4_0 is 0, and the supply voltages for all TCAM cells in VoSCT_4_0 are consequently turned off; VoSCT_4_0
is in the ultra-low-power mode, and thus the leakage power can be further reduced. When X = 9, VoSCT_4_1 enters the
low-power mode, and the leakage power is continuously reduced.

4.3. Power consumption of real routing tables

Three real IPv4 routing data (AFRINIC, ARIN, and APNIC) obtained from the BGP Routing Table Analysis Report [11] are
used to demonstrate the feasibility of the VoSCT design. Each routing table has 128 entries and 32 bits per entry. Fig. 8
shows the leakage and total power comparison of the three benchmarks. As Fig. 8 indicates, the VoSCT_4 consumes less
leakage power and total power than the traditional TCAM does. On average, the VoSCT_4 design reduces leakage power by
38% and total power by 21%.
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5. Discussion
5.1. Related studies

In the past decades, many studies have proposed approaches for controlling the power consumption of CAM and TCAM.
Zackriya and Kittur [12] designed a precharge-free CAM to improve the drawbacks of charge sharing in a NAND-type CAM
and the short-circuit current in a NOR-type CAM. The CAM proposed in [12] utilized ripple precharge to reduce the dynamic
power consumption of MLs. In contrast to the precharge-free CAM, the authors proposed another precharge-controlled CAM
in [13]. A precharge controller was utilized to manage the MLs’ voltage swing by predicting the match-mismatch state
of MLs. During the precharging phase, once the precharge controller predicted the mismatching of the ML, it suspended
precharging of the operation to reduce power consumption. Ahn and Kwon [14] demonstrated a local-NOR global-NAND
ML architecture to enhance search performance and reduce dynamic power consumption. By segmenting the ML into many
short local MLs and evaluating them in parallel, the capacitance of each ML was much smaller than that in a long ML.
Current limiting and clamping schemes were also used to reduce the voltage swing of local MLs.

For low-power TCAM design, the authors of [6,15-17] investigated many effective schemes. Jeloka et al. [15] utilized
several push-rule 6T SRAM cells to construct a TCAM. Unlike in the traditional TCAM, the TCAM structure in [15] used word-
lines to search data and bit-lines to search results. The chip area and overall capacitance could thereby be reduced. Chen
et al. [16] utilized a dynamic reconfigurable TCAM on OpenFlow compliant packet processing to support long and variable-
length flow tables. The hybrid-pipelined TCAM and self-power gating technique controlled by the mask data were used to
optimize both NAND and NOR core cells and to reduce their power consumption. The features of continuous TCAM mask
patterns [2] and the two-sided self-powered gating technique [6] were also utilized to reduce leakage power dissipation
of TCAM cells. Mishra and Sahni [17] investigated several TCAM architectures and combined some of them to generate an
optimal prefix set for the given routing table to reduce the TCAM’s power consumption. The proposed method was suitable
for those static routing tables, namely, known routing tables, and the optimal prefix set could thus be calculated. However,
when the routing table changed, the optimal prefix set also required recalculation.

The MLs of a TCAM are often utilized to control the TCAM’s power consumption. Tsai et al. [4] utilized various types of
CAMs to lower the voltage swing on MLs. Zhang et al. [18] presented an OR-type cascaded ML scheme to partition an ML
into several segments and to control the ML’s charge behavior for each segment to reduce the dynamic power. However, in
this scheme, the search delay and the functionality required careful consideration. Chen et al. [19] partitioned a long-word
TCAM into two stages and provided different voltages for these two stages. As in [18], the ML of the second stage would
be charged only when the search data matched the data stored in the first stage. Thus, the dynamic power of the second
stage could be reduced, and the leakage power could also be controlled using dual voltages. Choi et al. [20] proposed an
adaptive ML discharging scheme for a low-power and high-speed TCAM by employing the gated ML pulldown path and ML
boosting scheme. According to the number of mismatches and the ML discharging speed, the ML discharging was adaptively
controlled.

The ML and SL are both used for power saving. Chang et al. [3] combined various types of CAMs to reduce MLs’ and
SLs’ power consumption. Because SL initialization was not required to disconnect the ML from the ground node, when the
pulldown paths were disconnected from the ML, SL toggling could be effectively reduced. Agarwal et al. [5] used XOR CAMs
to improve SL performance and reduce SL power consumption. Arsovski et al. [21] adopted the precharge low ML with a
current-saving scheme to minimize unnecessary SL toggling.

TCAM partition is another low-power scheme. Chang et al. [22] introduced a two-sided self-gating (TSSG) scheme to
reduce the leakage power consumption of TCAM: This divided one entry into several segments, and when the mask data
of one segment were the same, the TSSG-based TCAM severed unnecessary charge and discharge paths in SRAM cells. For
the unevenly segmented ML scheme, Chang and He [23] proposed four TCAM architectures—AlI-SG, All-IG, Hybrid-1, and
Hybrid-2—and controlled the MLs’ charge-discharge frequency to lower the dynamic power consumption of MLs.

The FinFET-based TCAM was proposed in recent years. Tawfik and Kursun [7] proposed an IG-FinFET-based 6T SRAM
to enhance data stability and reduce standby power. Chang et al. [8] and Arulvani et al. [24] also used a FinFET TCAM to
explore a minimum energy-delay product. In contrast with other studies’ findings, the VoSCT not only controls the MLs’
power consumption but also gates TCAM cells’ supply voltages so that leakage power and dynamic power can be further
reduced.

5.2. Experimental results discussion

In this paper, a voltage self-controlled TCAM architecture was developed to reduce TCAM cells’ leakage power consump-
tion using V44 gating and IG-FinFET back-gate voltage adjustment. The simulation results demonstrated that the leakage
power can be effectively reduced using the VoSCT architecture and the voltage self-controlled technique is suitable for con-
trolling the TCAM cells’ power consumption because the TCAM cell structure is used for memorizing the data and consumes
considerable power. The outcome builds on the work of Chang [6], confirming that using the voltage self-controlled tech-
nique for TCAM provides effective leakage power saving. In addition, the improvements identified in this study only affected
search performance and transistor count overhead to a small degree. This study therefore indicates that the benefit gained
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from the voltage self-controlled technique may address leakage power saving requirements. The main contributions of this
paper are as follows:

1) Segmenting a TCAM entry and controlling the supply voltage as well as the back-gate voltage of an IG-FinFET by the
segment itself;

2) Combining supply voltage gating with the FinFET back-gate voltage-adjusting technique on TCAM cells to reduce TCAM
leakage power; and

3) Providing three operation modes for one segment.

Most notably, this is the first study, to our knowledge, that investigated the combination of TCAM cell supply voltage gat-
ing with the FinFET back-gate voltage-adjusting technique applied to TCAM. Only four extra transistors are required in one
segment to generate the controlling signals. The results provide compelling evidence for leakage power reduction on an IPv4
forwarding-table TCAM and indicate the effectiveness of applications to IPv6. According to the statistics from other studies,
the number of prefixes in an IPv4 address falls in the range of 16 to 24. Thus, the proposed VoSCT partitions the masks
using the common cases, namely, two segments, four segments, and eight segments. Although the equal-length segment
partition has the advantage of easy implementation, the limitation of inflexibility can also be discussed in future research.
The unbalanced segment partition should therefore be included in follow-up work designed to evaluate the approach and
whether it can continue to be used to prevent more leakage power.

6. Conclusion

In this paper, the voltage self-controlled technique was used on the TCAM design to reduce the leakage power consump-
tion. In the VoSCT, a TCAM entry is partitioned into several segments, and each segment operates with one of three power
modes, namely, a high-speed mode, low-power mode, and ultra-low-power mode; consequently, the back-gate voltages of
IG-FinFETs as well as supply voltages can be self-controlled according to the MSB and LSB cells’ status for each segment.
Based on the PTM 32-nm FinFET technology, the simulation results on real routing table data show that leakage power and
total power consumption can be reduced by up to 38% and 21%, with a 9% search delay increase and 4% area overhead. The
proposed VoSCT is suitable for those routing tables embedded in routers and gateways, especially for mobile communication
environments.
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