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An SRAM Design Using Dual Threshold Voltage
Transistors and Low-Power Quenchers

Chua-Chin Wang, Po-Ming Lee, and Kuo-Long Chen

Abstract—Static random access memories (SRAM) are widely TABLE |
used in computer systems and many portable devices. In this paper, THRESHOLD VOLTAGES OF NOMINAL NMOS/pMOSAND NATIVE
we propose an SRAM cell with dual threshold voltage transistors. NMOS TRANSISTORS(NATIVE pMOS IS NOT AVAILABLE IN THE

Low threshold voltage transistors are mainly used in driving bit- 0.25u:m CMOS ProcESy

lines while high threshold voltage transistors are used in latching

data voltages. The advantages of dual threshold voltage transistors Nominal Vyp Native Vip,
can be used to reduce the access time and maintain data retention PMOS | Vinnorp = -0.53V Vinner = N/A
at the same time. Also, the unwanted oscillation of the output bit- NMOS | Virnvony = 053V | Vipnany =021V

lines of memories caused by large currents in bitlines is reduced
by adding two back-to-back quenchers. The proposed quenchers
2an%rt'i'gnpmeer?ttﬁicélqlzt'n?gr’ybgéE'Saoréer?gtcgctt?fat'gf g’;‘\’l"virr son” are used as bitline drivers and highy transistors are the data
signals. Meanwhile, a large noise margin is provided such that the latch compone_nts,_not only can the access _tlme be sho_rter_led,
gain of the sense amplifier will not be reduced to avoid the oscilla- the data retention is also enhanced. Also, since the oscillation

tion. Hence, high-speed and low-power readout operations of the of the bitline 8L) and a complementary bitliné3{.) might

SRAMs are feasible. introduce unwanted power dissipation due to the large current
Index Terms—CMOS, dual threshold voltage, quenchers, Supplied by low¥s, transistors, a possible wrong reading will
SRAM. be produced [9]. In this paper, we also introdageenchergo

subside the oscillation to keep the speed of readout operations.
| INTRODUCTION On top of quenching the oscillation, the power saving is also
' obuCTIo verified by HSPICE simulations regardless of MOS models,

SEIM'CONDUC.TOR memories, particularly SRAMS, ar&emperature variations, and input signal frequencies.
idely used in electronic systems [1]-[3]. Many efforts

have been made to improve the efficiency of the SRAM, e.g., Il. DUAL-V;;, SRAM

Itoh et al. [4] have proposed an SRAM architecture using . . . )
multi-Vy transistors. However, Itoh’s results were obtained Conventional CMOS processes only provide transistors with
mainly from simulations rather than real chip measuremeringle threshold voltage. However, the evolution of CMOS tech-
Ohhataet al. [5] and Horiuchiet al.[6] have proposed various nology ma_kes dual threshold voltage transistors _currently ayall-
schemes to solve the bitline oscillation problem. Their work&Pl€. In this paper, dual threshold voltage transistors provided
demand either special bipolar/SOI processes or capacitBysthe 0-25,m 1PSM CMOS process are used to recreate the
within the circuit which will consume large area. Thanks t§*-transistor (6-T) SRAM cell. According to our simulation re-
the advance of semiconductor process, e.g., Taiwan SemicBiS, the refined 6-T SRAM cell processes the advantages of
ductor Manufacturing Company (TSMC) 0.28a one-poly Sp(_?E_d and power efficiency. In';he foIonvmg,_the basics charac-
five-metal (LP5SM) CMOS process, dual threshold V0|tagtgr|st|cs ofdual threshold transistors will be introduced as well
transistors are available now. In this paper, a novel SRARF the refined SRAM cell.

architecture using the dual threshold voltadg&,] transistor
is proposed. The low threshold voltage is called nafigg
(Vin = 0.21 V) and the high threshold voltage is called nominal The_drain current in the saturation region of a MOSFET tran-
Vin (Vin = 0.53 V) in this process. Low threshold voltageSIStor Is

transistors are capable of supplying large current while high / kp Wes )

threshold voltage transistors are good in reducing leakage D= Lot (Vas = Vin) (1)
current. Hence, the former is a good bitline driver while the

latter is an excellent data latch candidate. If [®jy-transistors whergkp IS the process parameter aw_lff and Leg are the
effective width and length of the transistor, respectively. Ac-
cording to (1), a lower threshold voltage can produce a larger
Manuscript received July 23, 2002; revised June 17, 2003. This wogtain current. If we takéWeg)/(Les) @s a constant, then (1)
was supported in part by the National Science Council under Grants N n be derived as
89-2218-E-110-014 and 89-2218-E-110-015, and in part by the Acade v
Foundation of Taiwan, and Ericsson Company, Ltd. 9
; ; ; : ; Ip « (Vags — Vi) (2)
The authors are with the Department of Electrical Engineering, National Sun D GS th) -
Yat-Sen University, Kaohsiung, Taiwan 80424, R.O.C. (e-mail: ccwang@ee. . .
nsysu.edu.tw). In this paper, the 0.2m 1P5M CMOS process is adopted to
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A. Current Analysis of Dual4,, Transistors
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Fig. 1. Schematic view of SRAM cell.
TABLE 1l
COMPARISONBETWEEN HIGH AND LOW THRESHOLD VOLTAGE TRANSISTORS
Vin Characteristic Advantage
Nominal (0.53 V) | low leakage current | data retention
Native (0.21 V) | high output current, driving
fast switching time capability

Nominal Vth

75C

(@)

Native Vth

aamerduwn ],

W 200-250]

0 150-200]

0 100-150]

W 50-100

@0-50

1713

W 300-350

of nominal (high) nMOS/pMOS and native (low) nMOS are tab- 2
ulated in Table IVgs = Vpp = 2.5V, high threshold voltage @
Vinnon = 0.53V, and low threshold voltag®;;, nax = 0.21 V.
High threshold voltage for pMOS &, nop = —0.53 V. Thus,
we can compute a ratio dby/Ipy, as

@ 250-300
W 200-250
0 150-200

0100-150

W 50-100

kp Weg 9 Fs L m0-50
- Vas — Vinno
Ipn 2 Leg ( GS thN N) ‘/]700, 25 %
=k, W, < 8
Ior By Mot (Vas — VinNan)? £
2 Leg 3

_ (Vas — Vinnon)? (2.5 —0.53)  3.8809 3) ®)

(Vas = Vinnan)? - (25-021)2  5.2441 Fig. 2. Simulation with different models, temperatures, and threshold
where Ipg andIp;, are the drain currents of the high threshvoltages. (a) Nominals, . (b) NativeVi,.
old voltage transistor and low threshold voltage transistor,
respectively.
Hence, the currentincreasing rate is about 35.12%, which can
be calculated as

TABLE Il
CURRENT INCREASE FORNATIVE V;;, VS. NOMINAL Vi1,

Current Increase- Ipr — Ipun Model | Current Increase (%)

Ipu 0°C | 25°C | 75°C

_ 5.2441 — 3.8809 TT | 39.70 | 36.13 | 33.33

N 3.8809 SS | 41.10 | 37.82 | 33.33

~ 35.12%. 4) SF 33.51 | 30.60 | 26.19

FS 45.41 | 42.93 | 38.46

With the decreasing of the transistor operating voltage, the FF 39.42 | 35.34 | 31.31

threshold voltage is decreasing as well. The subthreshold cur-
rent is computed as

If W, remains unchangedpsyp as well asli..x will be
increased wher, increases. Thus, the subthreshold current

®)
where W, and I, are the gate width and drain current, repecomes a positive factor of driving wires [7]. In short, a

spectively.S is the subthreshold swing parameter, which c transistor with lowl;}, is more appropriate to drive wire rather

be calculated as an to store data.
According to the above discussion, we conclude the fol-
Ca } lowing.

_ .COX . _ « High threshold voltage (nominaky,) transistors possess
whereVr is thermal voltage and’; is the junction capactance the advantage of low leakage current. Hence, they are
between source and drain. The leakage current can be obtained mgre appropriate tetore datain memory designs.
by replacingVgs with 0, which is « Low threshold voltage (nativé/,,) transistors possess

Weg larger drain current. Therefore, it is more suitabldtive
g the bitlines.

Wesr 1, 10Vas—Vin)/S

o

Ipsus =

S ~ 2.3V {1 + (6)

1,107 Vn/5, @)

1 leak =
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Fig. 3. Conventional memory configuration.
By taking advantage of these two different threshold voltag s 1
transistors, a refined design of SRAM memory cell is proposeé&  *3 |
% 15
8 1
B. DuaI-Vth SRAM Cell Z soom PCH/EQ
A typical 6-T SRAM cell is shown in Fig. 1. N1 and N2 are, T an en e in 12n an ten  1en  20n  2n gu
respectively, the bitline3L, BL) drivers which are controlled Time (in) (TIME)
by the wordline (WL). If the threshold voltage of N1 and N2 is- . ] SAEN

low, the switching time of N1 and N2 will be reduced, which will 2 ]
in turn shorten the access time of the SRAM cell. Hence, we u5§ "]
the nativeVy, transistors to implement the driving transistors. It %% 3
will produce a larger driving current than normal or high: T an 6 sn 10n iz 14 160 1en 200 2z
transistors. By contrast, transistors with high, possess low Te I 8

leakage current and subthreshold current. Thus, they are vez ] WL
good to be cross coupled as a data latch as shown in Fig. 1. v;; 2 :< BL-DL >C><:>-<
then, use nominal;,, transistors such as P1, P2, N3, and N£§ ]

to keep valid data. The difference between high-ransistors 5008 BL=DL

and low¥4y, transistors is summarized in Table II. Tam an n 80 i0n i 1 fen  1on  2m  2n L.
Time (lin) (TIME)

C. Simulation STAGEL | STAGE2 “Istacedl

To verify the proposed cell, we perform a series of simula- o _
tions given the temperature of @, 25°C, and 75 C. Different F'9- 4 Oscillation scenario.
transistor models, such as TT, SS, SF, FS, and FF, are all simu-
lated. The complete simulation results are shown in Fig. 2. Aatapath from a memory cell to the outputs consists of a cur-
we expected, the nativE,, in the simulations provides morerent source enabled by the complement of a sense amplifier en-
driving capability, i.e., current, than nominia},. Besides, a cur- able signalSAEN, a differential amplifier, an equalizer which
rent comparison of nomindl;, with nativeV;y, is tabulated in is used to pre-equalize the bitlines, and a current sink which is
Table 111 also enabled bpAEN. The oscillation of the readout opera-
According to the simulation results in Fig. 2 and Table lll{ion is illustrated in Fig. 4. The oscillation will be significantly
there is no doubt that the natig,, transistors provide better €nlarged when the low;;, nMOSs are used as bitline drivers
driving current. They will provide up to 45.41% current increasgince they supply large currents. The scenario is summarized as
in the best case, 26.19% in the worst case. Hence, using l&\ows.
threshold voltage driving transistors is proven to be feasible. Stagel Wordline (WL) is enabled to activate the memory
cell. SAEN is also enabled as soon as WL is
lIl. QUENCHERS enabled. In the meantime, PCH/EQ is disabled.
Hence, the voltages on the respective outputs of the
bitlines are clearly either pulled up or pulled down.
WL is disabled such that the memory cell is deacti-
vated. Owing to the high gain of the differential am-
plifier, the difference of the voltages of the bitlines
will be enlarged. In the meantime, tRAEN is still
Referring to Fig. 3, a conventional current sense amplifier kept enabled while PCH/EQ is disabled, which in
(SA) and the SRAM memory cells are shown. Basically, the turn causes the oscillation.

In this section, we point out the reason causing the oscillation
of the SRAM bitlines [8], as well as the resolution to squelch the Stage?2
oscillation.

A. Oscillations on the Bit Lines
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Stage3 SAEN is switched to O after Stage 1 and 2. The |
entire datapath waits for the next valdiL. = 1 [
andSAEN = 1. N1
—l
. . . DL _—L DL
In the above simulation, Column Selector Y (as shown in [ ]

Fig. 3) is always enabled, which implies tHat. = BL, DL = N2
BL. In short, the scenario of the oscillation of the voltages

the bitlines occurs wheW1. does not enable the memory cel
and theSAEN is activated. Particularly, the oscillation become,@ig. 10. Thus, power consumption is reduced as well when the
very serious if the gain of the sense amplifier is very large, Whicdhenchers are used in the memory design.

is originally intended to accelerate the readout. Not only might Using the identical simulation conditions as those given in

an error be produced by the unwanted oscillations, butunwan}gasl 4 and 6 shows a significant improvement on the squelch
power consumption also occurs. of the oscillation

ig. 7. NMOSs as quenchers.

B. Quenchers C. Noise Margin Improvement

By a simple observation, the voltage phases of the signalsAnother advantage of the quenchers is the improvement of
on the respective bitlines are complementary when the bitlingg noise margin, particularly if th€yy is critical [9]. Refer-
are activated. We can simply create a unidirectional closed lonpg to Fig. 3, the values of the bitlines may oscillate when the
which shortcircuits the bitlines at this moment in order to cancpbwer supplyVpp is high and the gain of the amplifier is very
out the out-of-phase ripples of the voltages of the fed signalarge. Note that the gain is determined by the size of the tran-
Referring to Fig. 5, two back-to-back diodes are used to forsistors in the differential amplifier and those in the current sink.
such a unidirectional loop between the bitlines. The loop formddhe sensing speed of the current SA increases as the gain grows.
by the diode pair is capable of reducing the swing on the bitlinekowever, the output could be incorrectly sensed if the oscil-
by shortcircuiting the two complementary signals as shown fation occurs and the gain is high. This possibility leads to a
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Fig. 9. Quenchers= pMOS pass transistors.

TABLE IV
COMPARISON OFPOWER CONSUMPTION (UNIT = mW)
Simulation No Quenchers + Quenchers Reduction
Model | °C | VDD | avg min | max | avg | min | max %

TT 25 2.5 | 73.76 | 1.710 | 1149 | 61.06 | 1.710 | 304 17.22
SS 75 | 2.2 | 35.84 | 0.803 | 209 | 35.33 | 0.803 | 214 1.42

small noise marginVpp — Vou. By contrast, the insertion of made by nMOSs. Fig. 8 is the simulation waveform given the

a quencher pair suppresses the oscillation such that the n@iame condition.

margin is increased without the hazard of incorrect sensing.2) PMOS Pass Transistorln dual respect, pMOSs with gate

Meanwhile, the gain of the current SA is preserved so as rarive at GND are considered as the last alternative. They are also

to slow down the readout operation in any case. easily designed and integrated. Fig. 9 is the simulation wave-
form given the same condition.

D. Alternatives to Quenchers

Besides the diode, which is deemed a nonlinear elementfin
a standard CMOS process, other alternatives can be used as tligy employing the same 0.26m 1P5M CMOS process, we
guenchers. The performance of these alternatives turns out tdhbee simulated several corner conditions to attain the power
not worse than that of the diode. performance. Note that the operating frequency of Wik is

1) NMOS Pass TransistorNMOSs with gate drive at full 200 MHz. Table IV shows the comparison of average, max-
Vbp are considered as another alternative. They are easily daum, and minimum power dissipations given different simu-
signed and integrated. Fig. 7 is an example of the quenchkson conditions.

Simulations and Analysis
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TABLE V
PERFORMANCE SUMMARY OF POST-LAYOUT SIMULATIONS.

- s N D ModelPCIVDDlaccess timelclock rate
¢ &=l | | TT |25 2.5 | 349 us |200 MHz
. ' FE SS |75| 2.2 | 4.83ns (166 MHz
~ FF |0] 2.8 | 2.51ns |200 MHz
e -
— |
s -
- = TABLE VI
e o COMPARISONBETWEEN THE PROPOSEDARCHITECTURE ANDPRIOR WORKS
= ey
e SRAM VDD Jaccess timé clock rate| Process
L Proposed 2.5V 5 ns 100 MHz | 0.25 pum
sl - 4] 0.5V N/A  [100 MHz | 0.25 um
>, K . [10] | 2.7-3.6 V | 70-85 ns |1-10 MHz| 0.18 ym
- —— MEdl - g (11] B.3 V0.3V 10ns |100 MHz | 0.18 um
g IReigieiinl | J VO Bpffer
. \ - s ; 7/ t Simulation only.

B LA TLVEOY

Fig. 11. Die photo of the 4-kb SRAM Chip.

It is noted that the proposed quenchers indeed reduce po
no matter what the condition is. On top of these simulation

w
L

The longest access time is 4.83 ns. Fig. 12 shows the post-layout
simulation results given by TimeMill wher&pp is 2.5 V,
temperature is 25C, and the TT Model is adoptedL and

BL in Fig. 12 are the data line and the bitline, respectively.

I .
r\g‘ﬁe data accessing procedures are as follows.

sults, Fig. 10 also shows the current variations in the conven-1) The address is latched by the address buffer block in

tional design and the proposed quencher design.

IV. | MPLEMENTATION & M EASUREMENT

A. Simulation

Fig. 11 during the rising edge of the CLK signal.
2) The addressis decoded afterthe precharge stage in Fig. 12.
3) The read data is sensed by the sense amplifier in Fig. 5.
4) The data are then magnified by the second-stage sense
amplifier (SA/write block in Fig. 11).
5) Finally, the data are read out by the I/O buffer in Fig. 11.

In order to verify the correctness of the refined SRAM
architecture as yvell as the advantages of the proposed quen@efmplementation & Measurement
design, we design and implement a 4-kb SRAM by using the
0.254um process. The die photo of the SRAM chip is shown in The chip implemented by the 0.26n process is shown in
Fig. 11. Complete post-layout simulations have been performedy. 11. To test and verify its physical performance, we used
to ensure the performance of our design. Table V shows the pdbe HP 1660CP logic analyzer and the IMS 200 test platform
layout simulation results of the chip. The maximum operatind2] to perform chip test and verification. The maximum oper-
clock frequency is 200 MHz, while the minimum operatingting clock frequency supported by the mentioned instruments
clock frequency is 166 MHz, according to the simulation results 100 MHz, as shown in Fig. 13. The worst case accessing time
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Fig. 13. IMS 200 measurement result (100 MHz).

is measured to be 5 ns, which indicates that our chip can openat¢ed that although Itoh’s work was claimed to be able to op-

given a clock as high as 200 MHz. erate at 100-MHz frequency with 0.5-Wc supply, the result
_ was obtained merely from simulations. A PL (power) nhode was
C. Comparison used to provide a high threshold voltalje in Itoh’s work. At

A performance comparison with prior works and currentlthe PL node, the bulk is connected to the source of the pMOS
commercial SRAM products is shown in Table VI. It should bhich is driven byVew, Ven > Vee. Such a design demands
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TABLE VI
CHIP SUMMARY
Expected Measured
Area 1.28 x 1.25 mm? (with pads) | 1.28 x 1.25 mm? (with pads)

Maximum Freq. 200 MHz (TT) 100 MHz (*)

Avg. Power 61.06 mW (200 MHz, TT, 2.5V) | 59.5 mW (100 MHz, 2.5V)

Access Time 3.49 ns (TT) 5 ns
Standby Power | 10.44 mW (200 MHz, TT, 2.5V) 26.5 mW (100 MHz, 2.5V)

TABLE VI
COMPARISON OFPOWER-DELAY PRODUCT

| CMOS process | Power Delay | Power-Delay Product
Proposed 0.25 pm 26.5mW | 5ns 132.5
1 0.25 um N/A | N/A N/A
13 0.25 pm 425 mW | 1.24 ns 527
14 0.25 pm 50 mW 10 ns 500

that a special CMOS process, e.g., multiple n-well layers, is re-
quired to implement the pMOS used at the PL node as well a
the normal pMOSs to implement the cross-coupled FETs. Oth-
erwise, Itoh’s multiVt scheme cannot be feasible. However, the
CMOS process was not mentioned in detail, nor was physical
implementation provided. Thus, the simulation results in Itoh’s (3]
design did not ensure good performance if a chip were really
implemented.

On the contrary, the proposed ddal; SRAM architecture
takes advantage of the special CMOS process. This CMOS4
process provides different MOSs for different threshold
voltages. In addition, we performed a series of complete sim-
ulations regarding all corner conditions includin§@®, 25°C,
and 75°C as well as TT, SS, SF, FS, and FF models. A real
chip was then fabricated using the mentioned CMOS process.
The measured results of the SRAM chip not only verify the
correctness of the proposed architecture, but also provide g
better performance than the prior works.

The characteristics of the proposed SRAM chip are sum-
marized in Table VII, while a comparison of the power-delay 7
product of our design and the prior works is given in Table VIII.

It is obvious that the proposed design possesses the smalleftl
power-delay product.

1]
2]

(5]

(9]

10

In this paper, an SRAM using dual threshold voltage transis[ ]
tors is proposed. The lows, transistors are used to increase [11]
driving capability and speed. The hidghy, transistors, by con-
trast, are used to construct data storage latches. Meanwhile;3,
novel quencher design is proposed to be added at the output
bitlines of memories, which will reduce unwanted oscillation
and will also suppress unwanted power dissipation. Accordin«{:]1
to the simulation results, nMOS pass transistors seem to be a
better choice for the quenchers. A 4-kb SRAM is implemented
by using the dual threshold transistors and the quenchers. The
simulation result demonstrates that the proposed architecture f'
better than the commercial products using the same or better
technology.

V. CONCLUSION
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