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A new path to frame low power, high-density and fast integrated circuits has been rolled out by the observation of current-induced
domain wall (DW) motion in magnetic track. As an advanced extension of this mechanism, high performance racetrack memory can be
built up combining with magnetic tunnel junction (MTJ) read and write heads. The rapid progress of CoFeB/MgO perpendicular mag-
netic anisotropy (PMA) shows that the PMA MTJ can be scaled down to 20 nm while keeping fast data access. These recent discoveries
allow us to design an ultra-high density content addressable memory (CAM), one of the most important applications of MRAM. The
mainstream CAMs suffer from high power and large area as its conventional structure is composed of numerous large-capacity SRAM
blocks in order to provide fast data access. MRAM based non-volatile CAMs have been proposed to relive the power consumption,
however the density issue cannot be surmounted due to the large switching currents. In this paper, we present a design of NOR-type
CAM based on DW motion in PMA magnetic tracks. The CMOS switching and sensing circuits are globally shared to optimize the cell
area down to 6 F?/bit; the complementary dual track allows the local sensing and faster data search speed while keeping low power.
By using an accuracy spice model of PMA racetrack memory and CMOS 65 nm design-kit, mixed simulations have been performed to

demonstrate its functionality and evaluate its high performance.

Index Terms—Content addressable memory, domain wall (DW), non-volatile, perpendicular magnetic anisotropy, ultra-high density.

I. INTRODUCTION

URRENT-INDUCED domain wall (DW) motion in

magnetic nanowires or tracks opens a new route to build
up low-power, high-density and high-speed circuits [1], [2].
Racetrack memory (RM), a novel ultra-dense non-volatile (NV)
storage based on this mechanism, is considered as one of the
most promising candidates for the next generation stand-alone
and embedded memories [3], [4]. Combining with magnetic
tunnel junction (MTJ) nanopillars as the read and write heads,
CMOS integrability and fast data-access can be achieved [5].
The write head nucleates a local domain in a magnetic track
through spin-transfer torque (STT) [6], and a polarized current
pulse drives this domain to propagate sequentially to the read
head. Data or the magnetization direction is stored in the domain
separated by two adjacent constrictions or patterned notches,
and can be detected by read head through tunnel magneto-re-
sistance (TMR) effect after a series of DW motion (see Fig. 1).
The first 256 bits RM prototype fabricated on 90 nm node has
been presented recently [7]. However, it is based on in-plane
magnetic anisotropy in NiFe nanowires with an intrinsic low
energy barrier £/, which leads to insufficient data retention on
ultra-deep node (e.g., 22 nm). Recent progress demonstrates
that the perpendicular magnetic anisotropy (PMA) CoFeB can
further improve the density, speed and power performance for
the RM comparing with the in-plane anisotropy [8], [9]. The
advantageous nucleation current and higher switching speed
promise a better candidate of the write head, furthermore, the
high energy barrier, which could overcome the issue of data
retention for in-plane anisotropy, makes PMA MT]J feasible for
future read head [10].
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Fig. 1. (a) Current induced DW motion in a long PMA CoFeB magnetic track.
(b) MT]Js are used as write and read heads for PMA nucleation and detection.
STT switching mechanism: the MTJ state changes from parallel (P) to anti-
parallel (AP) as the positive direction current Ip_, op > I¢g, on the contrast,
its state will return as the negative direction current Iap_.p > Icg. [11] (c)
Perpendicular magnetic anisotropy (PMA) hysteresis loop of a crystallized Ta
(5 nm)/CoFeB (1 nm)/MgO (0.9 nm) structure showing very low coercivity in
spite of a strong perpendicular anisotropy.
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Content addressable memory (CAM) is widely used in mo-
bile, internet routers and processors. It is expected to provide
fast data access and ultra-high density [12]. Mainstream CAMs
are composed of large capacity SRAM blocks, which drive high
static power and large die area [13]. They become the key chal-
lenges of future R&D for CAM. MRAM is a promising so-
lution to build up NV CAM and overcome both these draw-
backs. This field is currently under intense investigation. For
instance, a DW motion MRAM based CAM (DW-CAM) were
prototyped recently, which demonstrates important progress in
terms of power and density [14]. However, this DW-CAM uses
a three-terminal MTJ as storage element, which cannot allow
the expected ultra-high density.
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Fig. 2. (a) Structure of the dual tracks based RM-CAM. One writing current
pulse nucleates a couple of MTJs with complementary configurations. A prop-
agation current pulse drives the dual tracks synchronously. Every dual-track
shares a comparison circuit. (b) One example of current pulse configuration for
Lwrite and Jpropagasion. Ty and T'p are respectively their pulse durations.

In this paper, we present a novel design of NOR-type CAM
structure based on DW motion in dual PMA CoFeB magnetic
tracks (RM-CAM) (see Fig. 2(a)). It fixes on a series of DW
storage or racetrack memory, and utilizes current induced DW
motion to transfer data beyond the single cell in DW-CAM. Cer-
tainly, the non-volatility of RM-CAM provides instant ON/OFF
operation to reduce the leakage power for data retention and
reloading. Furthermore, it allows ultra-high density and fast data
search. The structure of PMA RM-CAM will be detailed in the
next section. In Section III, we will show the mixed magnetic/
CMOS simulations to validate its functionality and demonstrate
its expected performance. They are performed based on a PMA
RM compact model [15] and CMOS 65 nm design-kit [16].

II. PMA COFEB MAGNETIC TRACKS BASED CAM

The PMA RM-CAM is composed of comparison circuits,
PMA magnetic tracks and DW nucleation/propagation circuits.
A couple of complementary magnetic tracks are used to present
one word in order to obtain the most reliable and fast access op-
eration for CAM applications as this solution benefits the max-
imum TMR value instead of TMR/2 for conventional single
track structures (see Fig. 2(a)). We designed the comparison cir-
cuit based on Pre-charge Sense Amplifier (PCSA) [17], which
allows minimum power and sensing errors. This RM-CAM in-
cludes a couple of PMA CoFeB/MgO/CoFeB MTJs connected
together as the write heads. Due to the different directions of
the writing current pulse /it through these two MTIJs, they
can nucleate the complementary configurations through STT
switching mechanism under the same Iy;,ite pulse. One of the
critical challenges for complementary magnetic tracks is to syn-
chronize precisely the domain wall positions. Here, the same
current pulse Jpropagation Propagates domains in the dual tracks
and we implement the DW pinning constrictions with the same
distance in the magnetic tracks [18]. To avoid the interference
between the DW nucleation and previous data, write heads do
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Fig. 3. Schematic of the comparison circuit. It outputs the logic value ‘1’ or
‘0’ according to the configuration of complementary MTJs’. MN3—6 transistors
build up a NOR-type CAM.

not hold the data storage and there is always an I;opagation
pulse following each DW nucleation (see Fig. 2(b)). There are
also a couple of PMA MT]Js at each bit of storage elements as
read heads. Since lower resistance can reduce the rate of break-
down and higher resistance can improve the sensing perfor-
mance, the size of the read heads should therefore be smaller
than that of the write heads to obtain the best switching and
sensing reliability.

The comparison circuit (see Fig. 3) is consisted of two parts:
a PCSA detects the complementary magnetizations of the read
heads by two reading current pluses (Jycaq and yeaqp) and out-
puts a logic value; the transistors M3—M6 build up a NOR-type
CAM. The signal “MLpre” is used to pre-charge the match line
(ML). In case that the search line “SL” (“SLb” is its comple-
mentary signal) matches the stored data, there is no path to dis-
charge and ML will thus be asserted. In contrast, ML will be
discharged.

In order to improve the area efficiency, every couple of
dual tracks shares the comparison circuit in this RM-CAM
(see Fig. 2(a)). Beyond the DW-CAM, where there is a large
transistor for nucleation for every storage cell. We share the
same write head for one magnetic track in RM-CAM, and the
CMOS area dedicated for each storage cell becomes ignorable
for a long track with numerous pinning constrictions. This
structure allows then ultra-high density.

Fast search operation as shown in [14] can be also expected
in the RM-CAM. At first, we program the magnetic tracks, and
then the switch signals select each bit of magnetic tracks to be
loaded in the comparison circuit. By sequentially triggering the
switch signals, all the words can be explored. If there is no match
case, DW nucleation and propagation will be carried out to enter
new words for next search. The programming speed of magnetic
tracks depends on, T'y and T'p, which are respectively the pulse
durations of Luyite and Ipropagation. They can be both speed up
to ~1 ns [9]-[11]. According to the current pulse configuration
shown in Fig. 2(b), the worst case of programming duration is
N x (Tx + Tp), where N is the number of pinning potentials
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Fig. 4. Schematic of 8 x 8 bits RM-CAM. Each word is composed of the bits
at the same positions in 8 different dual tracks, they can be driven to move

simultaneously by the propagation currents.

TABLE I

CRITICAL PARAMETERS IN THE RM COMPACT MODEL
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Parameter Description Default Value

tox Oxide barrier height 0.85 nm

Area MT]J surface 65 nm x 65 nm x n/4

TMR(0) TMR ratio with 0 Vy;as 120%

Vv Volume of free layer surface x1.3nm

R A Resistance-area product 10Qum®

Virite Writing voltage 2V

Vyead Reading voltage 1.2V

Je_nucleation (li)W Nucleatlon current 5.7 x 10° A/em?
ensity

Jc_propagation dDe\IYSi}:;'/Opagatlon current 6.2 x 107 A/cm?

in the magnetic track. We can benefit a higher speed for the re-
peated bits such as “111” and “000” when only one DW nucle-
ation is required for three bits.

III. SPICE SIMULATION OF RM-CAM

In order to obtain fast simulation and evaluation of hybrid
magnetic/CMOS circuits, the using of compact models for mag-
netic devices under CMOS standard simulators becomes an ef-
ficient solution [19]. We developed a spice-compatible com-
pact model for the PMA RM [15] based on the related physical
models such as spin transfer torque, current induced DW mo-
tion and MagnetoResistance etc. [6]-[10]. By using the com-
pact model and STMicroelectronics CMOS 65 nm design Kkit,
an 8-bits-width-8-words-depth PMA RM-CAM (see Fig. 4) has
been co-simulated. The main parameters for the simulation are
described in Table 1.

First, we implemented the transient simulation for the search
operation without motion (see Fig. 5(a)). The clock signal
“CLK” involves the “Pre-charge” phase and the “Evaluation”
phase. During the “Pre-charge” phase, both of the signals
“SEN” and “MLpre” (see Fig. 3) are set low to pre-charge the
PCSA circuit and the match line “ML”. The first word “Word0”
has been loaded by enabling the signal “Switch0”. With the
response of the signal “Miss”, “Switch1” will be then activated
and so on. This process will not stop until the occurrence of the
match case. We find that this search operation needs only ~0.45
ns, which is faster than that of conventional SRAM-based CAM

tim’e(ns)

(b)

Fig. 5. Transient simulations of PMA RM-CAM: (a) Without DW nucleation
and motion. (b) With DW nucleation and motion.

TABLE I1
PERFORMANCE FOR DIFFERENT CAMS

T SRAM-based DW-CAM RM-
ype CAM [22] [14] CAM

Cell area (F/bit) 540 ~815 ~19
Cycle time (ns) 2 5 ~0.45
Energy (fJ/bit/search) 9.5 ~30 ~12

Static power Yes No No

and DW-CAM (see Table II). In addition, the energy consump-
tion of searching is as low as ~12 fJ/bit/search, which can be
further reduced by the decrease of activity rate thanks to the
segmentation of the match line [20].

In case that no storage data can match the search word, a new
word will be nucleated and propagated into the magnetic track
for the next round of search. Fig. 5(b) shows the transient sim-
ulation result of the worst case: 1-bit miss process. It means the
rest 7 bits of the search word match the stored data, only one
bit is different from the stored data. As shown in Fig. 5(b), the
search bit is ‘1°, if no match is found, the propagation current
pulse will start to drive the DW motion, until “SL” and “Stored
data” match each other. We can find the whole operation con-
sisting of “Pre-charge”, “Propagation” and “Evaluation” phases,
only requires ~2 ns. This suggests a high operating frequency
up to 500 MHz, comparable to that of traditional CAM [21].

We estimate the cell area for RM-CAM with (1):

_ Aco + Axt + Apr + N x MAX(ApT + ALs)

Ac ~

M
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Fig. 6. Dependence of full area versus number of bits per word.
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Fig. 7. Proposed RM-CAM structure as cache memory. A couple of dual tracks
construct a stored word.

where Acq is the area of a comparison circuit = ~50 F?,
Anvu is the area of a DW nucleation circuit = ~48 F2, App
is the area of a propagation current generating circuit = ~7
F?, A is the area of every bit in track memory, Arg is the
area of two load selecting transistors for every bit and N is the
number of bits per word. Thanks to the 3D integration of MTJs
above CMOS circuit, only the bigger value of MTJs’ area and
selecting transistors’ area will be involved for calculating the
full area. For our design, Aprt is ~6 F? considering 2 F be-
tween two adjacent notches. Coincidentally, the Ay g is also ~6
F? with the minimum size. If the distance between two adjacent
notches exceeds 2 F, only AgT would be taken into account into
(1). As N = 8 for our simulation, the cell area per bit is there-
fore ~19 F2, which is much lower than that of SRAM-based
CAM or DW-CAM (see Table IT). Meanwhile, with the increase
of the bit number per word, the area of shared CMOS circuits
for data comparison, DW nucleation and motion would become
negligible (see Fig. 6). The cell area per bit will approach to
MAX(ApT + Ars) (e.g., ~6 F2 for our design).

RM-CAM can be used as cache memory, such as transla-
tion lookaside buffers (TLB) [14]. Fig. 7 shows a new structure,
where dual tracks consist in a storage word instead of word or-
ganization based on numerous tracks (see Fig. 4).
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IV. CONCLUSION

In this paper, we presented a novel design of CAM based on
the DW motion in the PMA magnetic tracks. The DW motion
and shared CMOS circuits (comparison, nucleation and propa-
gation) make it realize ultra-high density and fast search oper-
ation while keeping its power performance comparable to that
of mainstream CAMs. By using the a precise compact model of
PMA RM and CMOS 65 nm design kit, mixed magnetic/CMOS
simulations have been performed to validate the functionality of
this RM-CAM and confirm its assets. A prototype of this struc-
ture based on 90 nm node magnetic/CMOS integration process
is under development in our laboratory [23].
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