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The ternary content-addressable memory is a specialized type of memory
that is widely applied in systems requiring high-speed data access, such
as network routers and data buffers. Compared to conventional content-
addressable memory, the ternary content-addressable memory offers
greater flexibility by introducing a third logic state, “X” (don’t care),
which can match both “0” and “1”, thereby accelerating the search
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process. However, due to its ability to perform parallel searches within a
single clock cycle and its transistor-intensive architecture, it results in
high power consumption and significant leakage current. This paper
presents the design and evaluation of a precharge-free memory
architecture as an energy-efficient alternative. The proposed architecture
reduces the number of transistors while maintaining parallel search
capability. The power consumption and performance of the 64-bit
precharge-free memory are evaluated and compared with those of the
conventional 64-bit memory using Cadence Virtuoso software,
demonstrating superior energy efficiency and competitive performance of
the proposed architecture.

THIET KE VA PANH GIA HIEU NANG CUA BQ NHGO TRUY CAP NQI DUNG
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Toc d6 cao

Cong suat thap

Bo6 nhé truy cap ndi dung ba trang thai 1a mot loai bo nhé chuyén biét duoc
{ing dung rong rai trong cac hé théng yéu cau truy cap dit lidu toc do cao nhu
bo dinh tuyén mang va bo dém dir lidu. So véi bd nhé truy cap ndi dung
truyén théng, b6 nha truy cap ndi dung ba trang thai mang lai su linh hoat cao
hon nho bd sung trang thai logic thr ba “X” (bo qua gia tri), cho phép khop
VGi ca “0” va “17, tir d6 ting toc qua trinh tim kiém. Tuy nhién, do kha nang
tim kiém song song trong mét chu ky xung nhip va kién tréic chtra nhiéu bong
ban dan, lam cho tiéu thu nang luong lén va gip phai dong ro cao. Bai bao
niy trinh bay qua trinh thiét ké va danh gia kién tric bo nhd khong can sac
truge nhu mot giai phap tiét kiém nang luong thay the Kién trac nay dugc dé
Xuét gitip giam sb leong bong ban dan trong khi van duy tri kha nang tim
kiém song song. Mirc tiéu thu ning hegng va hiéu niang bo nhé khong can sac
trudc 64-bit duge danh gia va so sanh véi bo nhd 64-bit truyén thong bang
phin mém Cadence Virtuoso, cho thay hiéu qua ning lwong vuot trdi va hiéu
ning canh tranh ciia kién trac duoc dé xuat.
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1. Gioi thiéu

B6 nh¢ truy cap theo ndi dung ba trang thai (TCAM) la mot loai bo nhé chuyén dung, dugc
sir dung rong rai trong cac hé thong doi hoi toc do tra ciru cao nhu bd dinh tuyén mang, bd dém
dir liéu va cac tmg dung tim kiém theo ndi dung. Tuy nhién, mot trong nhiing han ché déng ké
cia TCAM truyén thdng 12 muc tiéu thu ning lugng cao, chu yéu bat ngudn tir qua trinh nap va
xa dién ap trén cac duong so khép (Match Line) trong mdi chu ky tim kiém. Nham khic phuc
van d& nay, nhiéu hudng nghién ctru di duoc d& xuit nham t6i wu kién trac TCAM theo huéng
tiét kiém ning luong ma van dam bao hi¢u sudt hoat dong.

Cu thé, nghién ctru [1 1 dé xuit co ché du doan nap trudc (precharge prediction) dé ngit som
cac phép so sanh khong can thiét, gitip giam dén 50% cong suét tiéu thy. O nghién ctru [2], tac
gia trinh bay kién triic Bo nhé truy cap ndi dung ba trang thai khong can nap trude (PF-TCAM)
¢6 bit diéu khién va PF-TCAM khong can bit diéu khién qua d6 thuc hién so sanh do tré va cong
suat tiéu thy gitra 2 kién tric va cho thay su t6i wu so voi cau traic TCAM théng thuong. Trong
khi do, cong trinh [3] phat trién ky thuét sac chon loc duong so khép (SML, ASML), dat duge
murc tiét kiém nang luong lén dén 58%. Cac nghién ctru khac [4] — [9] tlep can theo huong rat
gon 6 nhd, thay doi kién trac CAM, hodc ing dung cong nghé bong ban dan (transistor) thé hé
méi nhu bong ban dan hiéu Gng trudng dng nano carbon (CNFET), nhim dat duoc thiét ké co
mat d¢ cao va muc tiéu thy nang luong thap hon. Trong cac giai phap, PF-TCAM (Precharge-
Free TCAM) n6i bat nho kién triic don gian va hiéu qua, sir dung chi 4 bong ban dan va 4 mach
d4o mdi 6 nh6. Thiét ké nay cho phép so sanh dit lidu v6i cong sut thap nhung van dam bao toc
d6 va dg chinh xac cao. Viéc loai bo chu ky nap trude trén cac duong so khop giip giam tiéu thu
nang luong, phu hop véi cac ing dung nhing t toc d6 cao va tiét kiém dién. Mot sd cong trinh lién
quan nhu tap trung toi wu bo nh¢ truy cip ngau nhién tinh (SRAM) ¢ muc mach [10], hodc gidi
thiéu kién tric bo nhé truy cdp ndi dung dong khong ti€u tén cong suat tinh (PF-DCAM) dé giam
nang luong tiéu tan trong qua trinh xac dinh két qua [11].

Nghién ciru nay dé xuat mot kién trac bd nhé PF- TCAM moi, giup giam dang ké so lugng
bong ban dan (chi sir dung 4 bong ban din va 4 mach ddo mdi 6 nhé) so voi TCAM truyén thong
(8 bong ban dan va 4 mach dao) it hon 2 ldn s6 lugng bong ban dan so véi TCAM, gép phan
giam dang ké dong 1o sinh ra. Viéc loai bo chu ky nap trudc trén dudng so khop, nguyén nhan
chinh gay ti€u thu dién nang cao trong TCAM, mang lai mét gidi phap thay thé hiéu qua v€ néng
lwong. Bai bao niy cung cap phan tich dinh luong vé hiéu suét (d6 tré) va cong suat tiéu thy cua
PF-TCAM so v6i TCAM thong thuong va PF-DCAM duéi nhiéu diéu kién khac nhau, b6 sung
dir liéu thyc nghiém quan trong vao linh vuc thiét ké bo nhd tiét kiém nang lugng.

Kién trac PE-TCAM mang lai hi€u qua nang lugng vuot troi, dac biét trong trang thai "khdp
cuc bo", rat phu hop cho céc timg dung nhing toc d6 cao va tiét kiém dién. Voi kha nang giam dg
tré tim klem dang ké 1én dén 64,6% so v61 TCAM, PF-TCAM c6 thé cai thién toc do truy xuat dir
lidu trong céc hé thong yéu cau hi¢u néng cao nhu b dinh tuyén mang va by dém dit liéu. Viéc
giam s6 lugng bong ban dan giup tdi vu dién tich silicon va giam chi phi phan cimg. Thiét ké so
do bb tri linh kién (layout) mach 8x8 bit va kiém tra thanh cong quy tac thiét ké (DRC) va kiém
tra két ndi (LVS) khing dinh tinh kha thi vat ly cua kién trac d& xuat.

Phan con lai ciia bai bao s& trinh bay chi tiét kién trac PF-TCAM 64 bit, phuong phap md phong,
két qua danh gid hiéu nang va phan tich chuyén sau, dong gop thém vé cac s liéu tinh toan so sanh cu
thé cong suat tidu thu 64 bit so v6i nhiéu kién trac khac. Dong thoi thiét ké so db b tri linh kién nhim
khing dinh tinh hiéu qua va tiém ning tmg dung thuc tién cua thiét ké nay trong cac hé théng tim
kiém tbc d6 cao. Bai nghién ciru thé hién dugc wu va nhuge diém ma thiét ké mang lai.

2. Phwong phap dé xuit

Trudce nhimg han ché cia TCAM truyén théng nhu mirc tiéu thu dién ning cao va dién tich phan
cting 16n do stir dung nhiéu bong ban dan, bai bao d¢ xuat mdt kien triic 6 nhd mai ¢6 tén PF-TCAM.
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Muc tiéu cua kién triic nay 1a giam s lugng bong ban din nham tiét kiém dién tich chip, han ché
dong 1o, dong thoi vin dam bao kha ning tim kiém song song voi d6 chinh xac cao. Thong qua viéc
loai bo nap trudc duong ML nhu thiét ké TCAM, co ché khong sir dung bit diéu khién gitp 1am giam
dang ké thoi gian tim kiém. Diém doc d4o trong thiét ké mach diéu khién 1a sir dung 2 bong ban din
dong vai tro nhu bo dém tin hiéu thay vi sir dung 4 bong ban dan nhu bo dém thong thuong, Thiét ké
PF-TCAM dugc mé phong va danh gia bang phan mém Cadence Virtuoso (version 6.1.5 12/17/2012)
ctia TSMC, cho phép so sanh chi tiét hiéu niang va cong suat tiéu thy dya trén muc dién ap 1V -1, 2V
va & chc mire nhiét d6 -5 °C, 27 °C va 85 °C so v6i TCAM truyén thong.

2.1. Céu trisc PF-TCAM

c

PF-TCAM PF-TCAM PF-TCAM PF-TCAM
cell cell cell cell

MLI‘ MLQI

(b)
Hinh 1. PF-TCAM: (8) Cdu triic ciia mét 6 nhé PF-TCAM, (b) Cdu triic mdang 6 nhé PF-TCAM

O nhé PF-TCAM la mot cai tién tir kién trac TCAM truyén thong, voi diém ndi bat 1 giam
dang ké s6 lugng bong ban dan trong khi van dam bao day du chirc ning luu trit va so sanh dir
lidu. Cu thé, thay vi str dung 6 bong ban dan nhu trong 6 nhd TCAM tiéu chuan, kién trac PF-
TCAM chi str dung 4 béng ban dan, két hop véi hai cdp mach dao dé luu trir di liéu nhi phén,
nhu dugc minh hoa trong Hinh 1a. Thiét ké rat gon nay khong chi gitip tiét kiém dién tich silicon,
ma con giam thiéu dong ro khong mong mudn, tir d6 gop phan t6i wu hoa cong suit tidu thu tong
thé caa mach.

Pé mo rong thanh kién trac luu trir nhiu bit, cac 6 nhé PF-TCAM 1-bit dugce két ndi theo
hang va cot dé tao thanh mang PF-TCAM, nhu minh hoa trong Hinh 1b. Trong cau trac nay, mdi
hang chira mot nhom cac 6 nhé PE-TCAM duogc ndi voi mot duong ML, cung voi cac khéi so
sanh va diéu khién twong tmg. Két qua cua phép so sanh duoc din vé khbi khuéch dai tin hiéu
dau ra (MLSA), gitip xac dinh nhanh dong dir liéu tring khép, dam bao téc do tra ctru cao va 6n
dinh trong toan b hé thong.

2.2. Hoat dong ghi da ligu

Dir liéu s€ dugc luu vao 6 nhd PF-TCAM véi cac gia tri dugc luu nhu Hinh 1, theo d6 khi C =
“0” va D =“1”, gia tri dugc luu vao SRAM s¢& laQl=0vaQ2=1.Bo6so sénp s€ dong vai tro
thuc hién so sanh tirng bit dit liéu dau vao véi nhitng bit dugc Iuu trir trude dé dé xac dinh truong
khop hodc khong khop.

2.3. Hogt dgng fim kiém di ligu
Bang 1. Bang su thdt cua PF-TCAM

SL SLpar Q1 Q2 Két qua tim kiém
0 1 0 1 Khép

1 0 Khéng khop

1 0 1 0 Khép

0 1 Khéng khop

2 é 1 1 Khép cuc bo

Khi Q2 =1 va SLyy = 1 (nhu trong Hinh 1, cAu trac 6 nhé PF-TCAM), bong ban din N3 dan,
kéo gia tri Q2 xuong ML, do d6 ML = 1, biéu thi két qua trung khép (match). Nguoc lai, trong
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truong hop Q1 =0 va SL = 1, bong ban dan N2 s& dén, dua mirc dién 4p thap tir Q1 xudng ML,
dan dén ML = 0, twong tng v6i trang thai khong kh6p (mismatch). Cac truong hop chi tiét nay
duoc tong hop va trinh bay trong Bang 1.

2.3.1. Truong hop khop

Tru6e khi hoat dong tim kiém dién ra, duong tin hiéu didu khién (WL) phai 1én muc “1” dé
cho phép qua trinh ghi dir liéu, lic nay hai béng ban dan NO va N1 s& duoc bat va ghi dir liéu tir
C va D vao Q1 va Q2. Hinh 2 minh hoa hai trudng hop tim kiém dugc két qua trung khép, &
Hinh 2a khi C = “17, gia tri s€ dugc luu vao Q1 va D = “07, gia tri s€ dugc luu vao Q2 va SL =
“17, Itic nay bong ban dan N2 bat va N3 tit dan cho mirc dién 4p tir Q1 xuéng ML lam cho mirc
dién ap ML Itc nay 1én cao va cho ra két qua tim kiém 1a khép. Twong tu v6i Hinh 2b, WL = “17
bong ban din NO va N1 bat dn dién ap tir NO va N1 xudng Q1 va Q2, SL mtc “1” 1am bat bong
ban dan N3 din mirc dién ap cao tir Q2 xuéng ML dé bao két qua 1a khop.

WL‘Z 1 WLI: 1

(@) (b)
Hinh 2. Truong hop khop: (a) Truong hop C=1 va SL=1; (b) Truong hop D =1 va SL=1

Ngoai ra, & truong hop tim kiém khép nay con mot trang thai khac goi 1a che pha cuc bo
(local masking) hay con goi 1a truong hgp murc trang thai “X”, trang thai nay dién ra khi ca hai
bong ban dan NO va N1 déu & mirc cao (C =1vaD = 1) lic nay du SL hay SL mang gia tri gi thi
ket qua tim kiém van luén tra vé 1a “khép”.
2.3.2. Truong hop khong khop

Cu thé Hinh 3 minh hoa hai truong hop tim kiém khong khép, v6i Hinh 3a khi C = “0” va SL
= ‘1", SL= 0", bong ban dan N2 din dua muirc dién ap tir NO = ‘0’ xudng ML 1am cho tin hiéu
ML = “0’. Tuong tu véi Hinh 3b khi D = 0’ va SL = ‘1’ 1am bat bong ban dan N3 dan mirc dién
ap thip tir N1 xuéng ML 1am cho tin hiéu ML = ‘0°, bao hiéu két qua tim kiém 1a khong khép.

ML=0

(@) (b)
Hinh 3. Két qua tim kiém “khéng khop”: (a) Truong hop C =0, SL =1, D=1 SL = ‘0’;
(b) Truwong hop D =0,SL= ‘1’

2.4. Cong sudt va dj tré
2.4.1. Céng sudt

Cong suét tiéu thy bao gdm cong suat dong va cong suat tinh:

http://jst.tnu.edu.vn 244 Email: jst@tnu.edu.vn



TNU Journal of Science and Technology 230(14): 241 - 248

Cong suét dong 1a nang luong ti€u thu khi mach chuyén trang thai, chu yéu do nap/xa dién

dung tai, cong thirc 1a: Pyyngmic= o.C L Vg2 f (1)
Cong suat tinh 1a ndng lugng ti€u thu khi mach khong hoat dong, phat sinh tir cac dong ro:

, , Pstatic = (Isub +Igate +1junct +Icontention )-VDD (2)

Téng Céng suat: Ptotal = denamic+ Pstatic (3)

2.4.2. D6 tré
Khi dau vao thay ddi, ddu ra mach logic cin mot khoang thoi gian dé dap g - goi 1a do tré
lan truyen. Day la thoi gian tur luc dau vao dat 50% muc dién &p on dinh cho dén khi dau ra cling
dat mirc twong tu. DY tré phan anh toc do phan hoi ctia mach. Cong thic cua d9 tre 1a:
_ t df+t d
T delay™— % (4)
Trong d6:  t,4f: Thoi gian tré khi dau ra chuyén tir muc logic cao sang thap
tpar: Thoi gian tré khi déu ra chuyén tir mirc logic thap sang cao
3. M6 phéng va danh gia
3.1. Ddnh gid dp tré

So sanh do tré giiva cac kién triic

450 - [ TCAM normal
C__IpF-TCAM
400 |- E==—JPF-DCAM

4088

Do tré (ps)
nN
b
o

[N
o
o

zll 14481455 |

Ghi bit "0" Ghi bit "1" Tim kiém

Nhiét dé (°C)

Hinh 4. Biéu dé cot biéu dién do wé gitta cac kién tric
Hinh 4 thé hién gia tri so sanh vé d¢ tré giita 3 cau traic TCAM, PF-TCAM va PE-DCAM, véi
mau xanh dam biéu thi gia tri ciia cau trac TCAM, tréng biéu thi cho ciu trac PE-TCAM va xanh
nhat biéu thi cho cau tric PF-DCAM.
Bing 2. So sanh dp tré giita TCAM thong thuong, PF-TCAM va PF-DCAM véi 3 gid tri so sénh dg tré
khi ghi bit “0”, d¢ tré khi ghi bit “1” va dé tré khi tim kiém dir liéu

Pon vi ps PF-DCAM TCAM normal PF-TCAM
D6 tré ghi bit “0” 60,64 237,5 15,923
Do tré ghi bit “17 52 202,3 45,8
Do tré tim kiém 145,49 408,6 144,83

Bang 2 so sanh d¢ tré giira ba kién trac: TCAM, PE-TCAM va PF-DCAM trong ba truong
hop: ghi “0”, ghi “1” va tim kiém. Két qua cho thdy PF-TCAM vuot trdi vé toc do, voi do tré ghi
“0” giam 93,3% so v&i TCAM va 73,7% so v6i PE-DCAM; ghi “1” giam lan lugt 77,4% va
11,92%; d6 tré tim kiém giam 64,6% va 0,5%, dap tng tot yéu cau vé tc do truy xuat.

3.2. Ddnh gid céng sudt trong cdc trwong hep

< Trudng hop 1: i
Cong suat tiéu thu cia TCAM, PF-TCAM va PF-DCAM (trién khai trén cong ngh¢ 90 nm)
dugc tinh toan va so sanh trong ca hai trang thai "khop" va "khong khop" voi do dai dir licu 64
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bit, tai ba mutrc nhiét dg: -5 °C; 27 °C va 85 °C. Dang séng mo phdng tuong tng cho truong hop
1 dugc minh hoa trong Hinh 5. Theo két qua mo phong, qua trinh hoat dong dugc chia thanh ba
giai doan chinh:

e Tir 0 us dén 5 us: dudong WL & mirc “1” cho phép ghi dir liéu, luc nay gid tri cia C va D
lan luot ghi vao Q1 va Q2.

e Tir5us dén 7,5 us: duong WL lic nay & mirc “0” qué trinh ghi dit liéu két thic, bt dau
qué trinh tim kiém dir liéu, lac nay Q1 khép véi SL va Q2 khép véi SL-BAR, duong ML van giir
mirc “1” bao hiéu két qua tim kiém “khép”.

e Tir7,5us dén 10 us: duong WL van & mirc “0”, SL = 0 va Q1 = 1 khong trung khép nhau,
lac nay duong ML sé& bi kéo xudng mirc thip, bao hiéu két qua tim kiém “khong khép”.

" A= i —_—
. '
5 D
T d T .
s ,;l Mismatch
= 1 Match ,L—
- il 1

Hinh 5. Dang séng moé phong PF-TCAM truong hop 1 “khéng khopl khop”
So sanh cong suat tiéu thy trung binh giira cac kién tric
I TCAM normal

| — T ()
C—IPF-DCAM

o

11,6

=
©
@

85
76 18

©

3

43 4.0

3,0
I ) I
0 D Ll L
-5

Céng suat tiéu thy trung binh (UW)
&

"

27 85
_ Nhigt dg (°C)

Hinh 6. Biéu do cét biéu dién cong sudt tiéu thu trung binh THI

Hinh 6 va Bang 3 trinh bay cong suét tiéu thy trung binh cta ba kién trac TCAM, PF-TCAM
va PF-DCAM trong truong hop THI tai ba mirc nhiét 6. Két qua cho thdy PF-TCAM tiét kiém
dién nang hon TCAM va PF-DCAM ¢ -5 °C va 27 °C, nhung ti€u thu cao hon TCAM 3,15% tai
85 °C. Du hiéu qua so vdi TCAM giam khi nhiét d6 ting, PF-TCAM van vuot troi so vdi PF-
DCAM & moi mirc nhiét va hoat dong toi vu hon TCAM & nhiét d6 thap va trung binh.

Bang 3. So sdnh gid tri cong sudt tiéu thu trung binh & cdc mire nhiét do -5 °C; 27°C va 85°C

TCAM théng thuong

Nhiét d6 PF-DCAM (uW) (W) PF-TCAM (uW)
-5°C 8,518 2,966 2,536
27 °C 9,547 4,269 3,986
85 °C 11,55 7,608 7,854

% Truong hop 2:

Cong suét tiéu thu cia TCAM, PF-TCAM va PF-DCAM (cong nghé 90 nm) dugc tinh toan va
so sanh trong trang thai che phu cuc bd voi d6 dai dir liéu 64 bit, tai ba mirc nhiét d6: -5 °C, 27
°C va 85 °C. Dang song tin hiéu tuong timg dugc minh hoa trong Hinh 7.
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Local masking Local masking

Hinh 7. Dang song mé phong PF-TCAM truong hop 2 “Che phii cuc bo”

Qua trinh ghi va tim kiém dir liéu twong ty nhu trudng hop 1 va dd duoc dé cap ¢ trén.
Trudng hop “che phu cuc bg” da dugc trinh bay & muc 2.3.2.
So sanh cong suat tiéu thy trung binh giira cac kién tric
iy -TC‘,AM normal ! !

C—JeF-Tcam 122
| [C—dpF-DCAM —

o

10,1
9,5 ]

=3

7,2

4.0

ar 31
26
[ ok 1,1
L L] |

-5 27 85
Nhiét d6 (°C)

Hinh 8. Biéu do cét biéu dién cong sudt tiéu thu trung binh TH2

Céng suét tiéu thy trung binh (UW)

[N}

Bang 4. So sdnh cong sudt tiéu thu trung binh & cdc mirc nhiét do

Nhiét do PF-DCAM (UW) TCAM thong thuéng PF-TCAM (uW)
(uw)
-5 °C 9,503 2,622 0,6392
27°C 10,14 3,96 1,137
85 °C 12,2 7,245 3,143

Hinh 8 va Bang 4 thé hién cong suat tiéu thu trung binh trong truong hop TH2 ¢ ba mac nhiét
d6. Két qua cho thay PF-TCAM tiét kiém nang lugng vuot troi so voi TCAM va PF-DCAM, véi
mirc gidm lan lugt dén 75,6% va 93,3% tai —5 °C; 71,2% va 88,79% tai 27 °C; 56,6% va 74,24%
tai 85 °C. Hiéu qua giam dan khi nhiét d¢ tang. So voi THI, cong sudt tiéu thy & TH2 giam déang
ké do khong c6 giai doan xa nén cac bong ban dan khong c6 hién tugng chuyén mach gitp tiét
kiém cong suat dong ciing nhu dong ro sinh ra, gitip lam rd sy khac biét giita cac kién truc.

3.3. Thiét ké so' d6 bé tri mach

Hinh 9. So' do bo tri mach PF-TCAM 8x8 bit dirgc ghép lai tir cic khéi nhé da dwoc vé trude doé
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Sau khi hoan tit d4nh gi4 cong suat va do tré, chung i tién hanh thiét ké va mé phong so do bd tri
mach PF-TCAM 8x8 bit (Hinh 9), gdm bdn khdi chinh: 6 nhé 8x8 (64 6 1-bit PF-TCAM), khéi so
sanh, khoi khuéch dai tin hiéu va kh6i ma hoa wu tién 8-to-3. Thiét ké dd vuot qua cac bude kiém tra
DRC va LVS, xac nhén tinh chinh xé4c va kha thi cta kién triic & mirc bdéng ban dan.

4. Két luan

Bai bao da trinh bay mot phuwong an thiét ké kién tric b nhé PF-TCAM nhu mét gidi phap
tiét kiém nang luong va hidu qua cao, thay thé cho kién traic TCAM truyén théng va PF-DCAM.
Thong qua viée loai bo chu ky nap trude (precharge) trén duong so khoép — von 1a nguyén nhén
chinh gdy ti€u thu dién nang cao trong TCAM — kién trac PE-TCAM di cho thay kha ning giam
dang ké cong suit tidu thu trong khi van dam bao d6 chinh xac va kha nang tim kiém song song.
Céc két qua md phong chi tiét trong nhiéu diéu kién hoat dong va mirc nhiét d6 khac nhau di cho
théy PF-TCAM vuot troi 1 rét so véi cac thiét ké dbi chung vé mit nang lugng, dac biét trong
cac trang thai tim kiém dic biét nhu “che pht cuc bo”.

Tuy nhién, viéc sir dung kién trac PF-TCAM con gdp mot vai han ché nhu d6 tim kiém chinh
xac giam khi m¢ rong kich thude 6 nho 1én hon 64 bit (s€ sai 1 bit trong qua trinh tim kiém),
cong suat tiéu thu ting & truong hop khi nhiét do tang t6i 85 °C.

binh huong nghién ctru tlep theo 1a mé rong va t6i wu hoa thiét ké nay trén cac nut cong nghé
CMOS tién tién hon nhu tién trinh 8 nm, 5 nm va 3 nm. Ngoai ra, viéc khai thac cac cong nghé
bong ban dan thé hé méi nhu CNFET (Carbon Nanotube FET), c6 thé gitip tiép tuc cai thién hiéu
nang, giam dién tich va mo rong tiém nang ung dung cta kién trac PF-TCAM trong céc hé thong
nhung tdc do cao va tiét kiém nang lugng.
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