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1. Introduction 

Drastic increase of static power dissipation due to 
leakage current is one of the most serious problems in re-
cent nano-scaled VLSI [1]. One possible solution is to use a 
CMOS/nonvolatile-device-hybrid logic-in-memory cir-
cuitry, where nonvolatile storage elements are distributed 
over a logic-circuit plane, and to cut off the power supply 
of circuit blocks whenever they are in the standby mode [2], 
because the memory data is stored into nonvolatile devices 
in the circuit blocks. In order to fully take advantage of 
such a circuit structure, it is important to implement a non-
volatile device that has superior capabilities such as shorter 
access time, unlimited endurance, scalable write, and small 
dimension comparable to the employed CMOS technology. 
The only available candidate of a nonvolatile device that 
could satisfy all the above requirements at present is the 
one using a spin-injection writable magnetic tunnel junc-
tion (MTJ) device. 

So far, we have already presented various 
CMOS/MTJ-hybrid logic-in-memory circuits [3-5], and 
confirmed the potential capability of the proposed archi-
tecture to design low-power/high-performance VLSIs. 

In this paper, we present an ultra-low-power ternary 
content-addressable memory (TCAM) using a fine-grain 
power-gating scheme as a typical application of the above 
circuit architecture. 

 
2. Impact of CMOS/MTJ-Hybrid Nonvolatile 
  Logic-in-Memory Circuitry 

Fig. 1 shows a structure and a symbol of an MTJ device, 
whose structure consists of a synthetic ferrimagnetic (SyF) 
free layer, an MgO tunnel barrier, and a fixed layer [4, 5]. 
According to the spin (magnetization) direction of the free 
layer with respect to that of the fixed layer, there are two 
distinct states as the different resistances of the MTJ de-
vice; low resistance RP when the spin directions are parallel 
and high resistance RAP when anti-parallel. Thus, the MTJ 
device can be considered as a variable resistor, which indi-
cates that the MTJ device has not only nonvolatile storage 
capability but also switching capability to build a logic de-
vice in accordance with stored data. A nonvolatile storage 
function and a logic function are merged into an MTJ de-
vice in the nonvolatile logic-in-memory circuit and the 
stored logic value does not disappear even if power supply 
is cut off. Therefore, it is not required to write/read to/from 
MTJ devices before/after power-off/power-on, which re-
sults in realizing quick sleep/wake-up behavior and low 
power dissipation in the VLSI chip as shown in Fig. 2. 

 
3. CMOS/MTJ-Hybrid Bit-Serial TCAM Based on 
  Fine-Grain Power-Gating Scheme 

Fig. 3 shows an overall structure of the proposed 

bit-serial TCAM. The TCAM consists of several parts; 
word circuits including a TCAM cell array, sense amplifi-
ers (SAs), accumulators (ACCs), and peripheral circuits 
such as search-line, word-line, bit-line, and output drivers. 
The word-parallel bit-serial equality-search operation be-
tween a search word (input key) and every word stored into 
the TCAM cell array is performed. The matched result of 
the each linear array of TCAM cells is amplified by the 
corresponding SA. The matched result amplified by the SA 
and previously matched result are accumulated by the cor-
responding ACC. 

Fig. 4(a) shows the proposed word circuit with a 
fine-grain power-gating capability. Whenever a new input 
key is applied and the new equality-search operation is 
performed, the output of the word circuit is initialized to a 
high voltage level by controlling the INIT signal, while the 
power switches (PMOS transistors), SW1, SW2, and SW3, 
between VDD and the match line (ML)/SA in the word cir-
cuit are also turned on. The equality-search operation is 
parallel by word and serial by bit-slice. In each cycle, a 
bit-level equality-search operation on a single bit-slice is 
performed. While an input bit is continuously equal to the 
corresponding stored bit, the output from the SA remains a 
high voltage level. Once a mismatched result between an 
input bit and a stored bit is detected in a sequence of 
bit-level equality-search operations, the output from the SA 
becomes a low voltage level. As the result, the output from 
the ACC also becomes a low voltage level, while the 
SLEEP signal becomes a high voltage level to cut off the 
power switches between VDD and the ML/SA. From then 
on until the next input key is applied, the power supply of 
the word circuit (except the ACC) is cut off in order to 
suppress standby power dissipation. The power gating 
makes it easily possible to turn off the power switches, SW1, 
SW2, and SW3, because there is not a power-supply line in 
the linear array of the proposed TCAM cells [5] as shown 
in Fig. 4 and the MTJ devices have nonvolatile storage ca-
pability. In the case of a CMOS-based TCAM cell, the 
power supply can not be cut off even if they are in a 
standby mode, because stored data must be maintained in 
volatile memory elements (SRAMs). 

The proposed TCAM cell has two storage elements to 
store three kinds of data, B (“0”, “1”, and “X” which means 
“don’t care” state for masked equality-search), each of 
which is encoded as two-bit data (‘b1’ and ‘b2’) as shown in 
Fig. 4(b). The data is written into each MTJ device in ad-
vance by activating the write enable signal, WE, word-line 
signals, WLs, and dual-rail bit-line signals, BL and BL’. 

Fig. 5 shows an example of fine-grain power-gating 
behavior in the 3-bit x 9-word bit-serial TCAM. In the 
first-bit search operation on the first bit-slice, the input bit 
is applied to all TCAM cells on the bit-slice, which results 
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in mismatched results in the three rows of the word circuit. 
In the second-bit search operation, the input bit is applied to 
all TCAM cells on the second bit-slice. During the sec-
ond-bit search operation, the three rows of the TCAM cells 
and SAs are in a standby mode by the power gating, while 
the additional mismatched results in the two rows of the 
word circuit are detected. In the third-bit search operation, 
the number of circuit blocks in a standby mode increases in 
the same way. According to the word length of the pro-
posed TCAM, the effectiveness of the standby-power re-
duction by the fine-grain power-gating is increased. 

dissipation of the proposed TCAM cell array can be re-
duced to 0.012 percent in comparison with that of the 
CMOS-based one using 45nm CMOS device parameters 
under almost the same switching delay and dynamic power 
dissipation. 

From these points of view, it is expected that the 
CMOS/MTJ-hybrid nonvolatile login-in-memory circuitry 
with a fine-grain power-gating capability is one of the most 
effective methods to overcome a static power problem. 
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4. Evaluations and Conclusions 
Table I summarizes the comparison of the standby 

power dissipations between a conventional CMOS-based 
bit-serial TCAM cell array and the proposed one. The 
CMOS-based TCAM cell array constantly consumes 
standby power in the volatile storage elements (SRAMs). 
On the other hand, the proposed TCAM cell array can sup-
press standby power dissipation because of the nonvolatile 
capability and the fine-grain power management of them. 
As the result, it is estimated that the standby power 
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Fig. 1  MTJ device structure and symbol. 
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Fig. 3  Overall structure of the proposed bit-serial TCAM. Fig. 2  Power gating in a nonvolatile logic-in-memory system. 
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  Fig. 4  Proposed circuits; (a) Bit-serial TCAM word circuit with a fine-grain power-gating function, (b) CMOS/MTJ-hybrid TCAM cell.
  

Ta in 
144-bit x 256-word bit-serial TCAM cell arrays. 
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ble I  Comparison of standby power dissipations 

Total

Logic elements
@TCAM cell

Storage elements
@TCAM cell

6.356 6.356 μμWW0.052 W

6.356 6.356 μμWW (@MOSs) 2)2)

0 W 0 W (@MTJs)
0.052 W 1)1)Standby

power

CMOS/MTJCMOS/MTJ--hybridhybrid
(with power gating)(with power gating)

CMOS
(without power gating)

Total

Logic elements
@TCAM cell

Storage elements
@TCAM cell

6.356 6.356 μμWW0.052 W

6.356 6.356 μμWW (@MOSs) 2)2)

0 W 0 W (@MTJs)
0.052 W 1)1)Standby

power

CMOS/MTJCMOS/MTJ--hybridhybrid
(with power gating)(with power gating)

CMOS
(without power gating)

1) The average leakage current of 1.4 μA at the power supply of 1.0 V in a 4-transistor-SRAM-based
TCAM cell is used [6].

2) Gate leakage and sub-threshold leakage currents of the two NMOS transistors in the proposed
TCAM cell are considered at 45nm CMOS from ITRS 2007.  Fig. 5  Fine-grain power gating in the proposed bit-serial TCAM. 
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