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A Replica Technique for Wordline and
Sense Control in Low-Power SRAM'’s

Bharadwaj S. Amrutur and Mark A. Horowit&enior Member, IEEE

Abstract—With the migration toward low supply voltages in  impedance bitline loads and pulse the wordlines [12]-[15].
low-power SRAM designs, threshold and supply voltage fluc- Bitline power can be further minimized by controlling the
tuations will begin to have larger impacts on the speed and ;. qline pulsewidth to be just wide enough to guarantee

power specifications of SRAM's. We present techniques based on - - . ) -
replica circuits which minimize the effect of operating conditions’ the minimum bitline swing development. This type of bitline

variability on the speed and power. Replica memory cells and SWwing control can be achieved by a precise pulse generator
bitlines are used to create a reference signal whose delay tracksthat can match the bitline delay. Low-power SRAM’s also
that of the bitlines. This signal is used to generate the sense clockyse clocked sense amplifiers to limit the sense power. These
with minimal slack time and control wordline pulsewidths to limit are either the current mirror type [16], [17] or cross-coupled

bitline swings. We implemented the circuits for two variants of .
the technique, one using bitline capacitance ratioing in a 1.2:m latch type [18], [19] designs. In the former, the sense clock

8-kbyte SRAM, and the other using cell current ratioing in 2 0.35- turns on the amplifier sometime before the sensing, to set up
pm 2-kbyte SRAM. Both the RAM'’s were measured to operate the amplifier in the high-gain region. To reduce power, the

over a wide range of supply voltages, with the latter dissipating amount of time the amplifier is ON should be minimized. In the
3.6 mWat 150 MHz at 1V and 5.2pW at 980 kHz at 0.4 V. |5tch-type amplifiers, the sense clock starts the amplification,

Index Terms—Low power, low swing bus, low voltage, pulsed and hence the sense clock needs to track the bitline delay to
decoder, replica technique, self-timing, sense clock control, ensure correct and fast operation.

SRAM's, threshold variation, wordline pulsing. Fundamentally, the clock path needs to match the data path
to ensure fast and low-power operation. The data path starts
I. INTRODUCTION from the local block select and/or global wordline, and goes

o . . through the wordline driver, memory cell, and bitline to the
OW-POWER circuit designers have been contlnuall%put of the sense amps. The clock path often starts from the

pushing down supply voltages to minimize the eNePcal block select or some clock phase, and goes through a

consumption of chips for portable applications [11-{3]. Th%uﬁer chain to generate the sense clock. The delay variations

same trend has also applied to low-power SRAM's in thl% the former are dominated by the bitline delay since the

past few years [4]-[6]. While the supply voltages are scalin - . .
down at a rapid rate, to control subthreshold leakage, t lemory cells are made out of minimum sized devices and are

threshold voltages have not scaled down as fast, which jare vulnerable to process variations. Therefore, the delays

: i ; ve 13 the two paths do not track each other very well over all
resulted in a corresponding reduction of the gate overdrive Orrocess and environment conditions. Enouah delay mardin
the transistors. With the fluctuations in the threshold voltagéj : 9 y 9

. . . s to be provided to the sense clock path for worst case
also not expected to decrease in future submicron devices Iy :
L L hditions, which reduces the average case performance. The
[8], the delay variability of low-power circuits across process

rest of this paper describes methods of using replica circuits,

corners will increase in the_ future [9].' The I_arge delay_spr_ea Jhich mimic the delay of the bitline path over all conditions
across process corners will necessitate bigger margins in ¥¥|e

design of the bitline path in an SRAM, and also will result ino create the clocks, and gives experimental results from using

o L . these techniques. The next section presents simulation data
larger bitline power dissipation and loss of speed. This problem : . o o )

. . . . ‘comparing the matching of bitline delay with inverter chain
can be mitigated by using a self-timed approach to desgmg

the bitline path, based on delay generators which track t ftions. The following two sections describe different methods

bitline delays across operating conditions. o . A . S
o . . ) of building replica circuits. Section Ill presents a clock circuit
Traditionally, the bitline swings during a read access have . . o .
- . . ; . which uses a dummy memory cell that drives bitlines with
been limited by using active loads of either diode-connecte ) . . o .
2 .. _reduced capacitance, and Section IV describes a circuit which
nMOS or resistive pMOS [10], [11], but these clamp the bitline o . .
; - tses a full bitline load. Results from two prototype chips which
swing at the expense of a steady bitline current. A more power-

efficient way of limiting the bitline swings is to use high-:nmpsligﬁjnr: ;(/he two different replica techniques are presented

glay and replica circuit delay under different operating con-
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bitlines 115°C and © for 25 °C). The S and F' transistors have a
2-sigma threshold variation unless suffixed by a 3, in which
case they represent 3-sigma threshold variations. The process
used is a typical 0.2 CMOS process, and simulations
are done for a bitline spanning 64 rows. We can observe that
—|__L]— the bitline delay to inverter delay ratio can vary by a factor
of two over these conditions, the primary reason being that,
while the memory cell delay is mainly affected by the nMOS
thresholds, the inverter chain delay is affected by both nMOS
and pMOS thresholds. The worst case matching for the inverter
> sensc amps delay chain occurs for process corners \(vher_e the nMOS and
pMOS thresholds move in the opposite direction. In the above
r simulations, it is assumed that they move independently, while
ol 02 in reality, there will be some correlation between them which
would make the mismatch for the inverter delay chain less
@ pronounced, but still worse than that of the replica element.
The delay element is designed to match the delay of a
nominal memory cell in a block. But in an actual block of
cells, there will be variations in the cell currents across the
cells in the block. Fig. 3 displays the ratio of delays for the
‘|__L|‘ bitline and the delay elements for varying amounts of threshold
mismatch in the access device of the memory cell compared
to the nominal cell. The graph is shown only for the case
of the accessed cell being weaker than the nominal cell as
this would result in a lower bitline swing. The curves for the
> sense amps inverter chain delay element (hatched) and the replica delay
element (solid) are shown with error bars for the worst case
LN . . -
delay chain fluctuations across process corners. The variation of the delay
ol ratio across process corners in the case of the inverter chain
) delay element is large even with zero offset in the accessed
cell, and grows further as the offsets increase. In the case of the
Fig. 1. Common sense clock generation techniques. replica delay element, the variation across the process corners
is negligible at zero offsets, and starts growing with increasing
phase to do the timing [Fig. 1(a)] [20], and the second kirfffsets in the accessed cell. This is mainly due to the adverse
uses a delay chain within the accessed block, and is triggel@pact of the higher nMOS thresholds in the accessed cell
by the block select signal [Fig. 1(b)] or a local wordline [21]under slow nMOS conditions. It can be noted that the tracking
The main problem in these approaches is that the inverter defdythe replica delay element is better than that of the inverter
does not track the delay of the memory cell over all proce§gain delay element across process corners, even with offsets
and environment conditions. The tracking issue becomes métethe accessed memory cell.
severe for low-power SRAM's operating at low voltages due to There are two more sources of variations that are not
enhanced impact of threshold and supply voltage fluctuatiof§luded in the graphs above and make the inverter matching
on delays as described by even worse. The minimum sized transistors used in memory
cells are more vulnerable tdelta-1// variations than the
nonminimum sized devices used typically in the delay chain.
(1) Furthermore, accurate characterization of the bitline capaci-
tance is also required to enable a proper delay chain design.
These two sources of variations would make the matching
which shows that delay variations are inversely proportionalen worse for the inverter chain delay element.
to the gate overdrive. Fig. 2 plots the ratio of bitline delay All of the sources of variations have to be taken into
to obtain a bitline swing of 120 mV from a 1.2-V supply andaiccount in determining the speed and power specifications for
the delay of two different delay elements for various operatirtge part. To guarantee functionality, the delay chain has to
conditions. One delay element is based on an inverter chii@ designed for worst case conditions, which means that the
with a fan-out of four loading (diamonds), and the other islock circuit must be padded in the nominal case, degrading
based on a replica structure consisting of a replica mema@grformance. Replica-based delay elements, by virtue of their
cell and a dummy bitline. The process and temperature ayeod tracking, offer the possibility of designing SRAM'’s with
encoded asXY Z where X represents the nMOS type5 ( tight specifications across all process corners [22]. Two ways
= slow, F' = fast, ' = typical), Y represents the pMOS of creating and using these replica structures are explained in
type (one of S, F, T), and Z is the temperature { for the following sections.
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Fig. 2. Delay matching between the bitline delay to generate 120 mV and two delay elements, one based on an inverter chain and the other on a
replica cell-bitline combination.

[ll. FEEDBACK BASED ON CAPACITANCE RATIOING discharge of the replica bitline tracks that of the main bitline

The replica delay stage is made up of a memory cf'Y well (gee Fig. 2—cirf:les).. The de_Iays can be.made_equal
connected to a dummy bitline whose capacitance is set Ry fine tuning of the replica bitline height using simulations.
be a fraction of the main bitline capacitance. The value g€ replica structure takes up only one additional column per
the fraction is determined by the required bitline swing foPlock, and hence has very little area overhead.
proper sensing. For the clocked voltage sense amplifiers welhe circuits to control the sense clock and wordline
use (Fig. 4), the minimum bitline swing for correct sensing iBulsewidths are shown in Fig. 6. The block decoder activates
around a tenth of the supply. An extra column in each memoiije replica delay cell (nod¢w!). The output of the replica
block is converted into the dummy column by cutting its bitlinélelay cell is fed to a buffer chain to start the local sensing,
pair to obtain a segment whose capacitance is the desifsl is also fed back to the block decoder to reset the block
fraction of the main bitline (Fig. 5). The replica bitline has gelect signal. Since the block select pulse is ANDed with the
similar structure to the main bitlines in terms of the wire anglobal wordline signal to generate the local wordline pulse,
diode parasitic capacitances. Hence, its capacitance ratio totthe latter’'s pulsewidth is set by the width of block select
main bitlines is set purely by the ratio of the geometric lengttsgnal. It is assumed that the block select signal does not
r/h. The replica memory cell is programmed to always stomrive earlier than the global wordline. The delay of the buffer
a zero so that, when activated, it discharges the replica bitlidain to drive the sense clock is compensated by activating
The delay from the activation of the replica cell to the 50%he replica delay cell with the unbuffered block select signal.
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replica cell-bitline delay across process fluctuations over varying threshol
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Fig. 4. Latch-type sense amplifier.
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Fig. 6. Control circuits for sense clock activation and wordline pulse control.

edges needs to be done. A simple heuristic for matching the
delay of a rising edge of the five-long chaifil—S5, to the
rising delay of the four-long chain31-B4, is to ensure that
the sums of falling delays in the two chains are equal, as well
as the sum of rising delays [23] (Fig. 7). THe chain has

block select to local wordline path (the sense clock needsttoee rising delays and two falling delays, while tBechain
be a rising edge). The problem of delay matching has ndvas two rising and falling delays. This simple sizing technique
been pushed from having to match bitline and inverter chagmsures that the rising and falling delays in the two chains
delay to having to match the delay of one inverter chain tre close to each other, giving good delay tracking between
a chain of inverters and an AND gate. The latter is easithte two chains over all process corners. The delay fiand
to tackle, especially since the matching for only one pair ¢éee Fig. 6) to minimum bitline swing i$gchain + fbitline
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TABLE 1
_/— /- /. f_ /b _/_ BLock PARAMETERS. 64 Rows, 32 GOLUMNS
Replica Delay Element (rep- Inverter Chain Elcment
lica bitline height = 6)

fwl wl 0 - ; ; ;

Process, Bit- Max tSlack Bit- Max tSlack Relative

Supply(V) | line Bitline | (as frac- | line Bitline (as frac- | Max Bit-

Bl B2 B3 B4 Swing | Swing tion of Swing | Swing tion of Jine

(mV) | (mV) foddel) (mV) | (mV) foddel) | swing (%)

au.
TTH, 1.2 101 198 0.24 123 192 0.38 -3
FF3,1.2 100 210 0 162 207 0.85 -1

/4 e / e /’ $$3,12 | 125 | 193 0.42 02 | 177 0 8

\ / SF3,12  |101 155 0 100 | 145 0 75
— Fs3, 12 | 110|211 0.1 194|211 11 0
rbl sense
TTH,1.08 | 113 | 176 024 88 162 024 | -8
S1 52 S3 S4 S5 TTH, 132 | 122|238 037 162|223 0.83 2

Fig. 7. Delay matching of two buffer chains.

which would magically fire under all conditions exactly when

BLOCK PARAMETEF;A 3;% ::bws 64 COLUMNS the bitline swings are 100 mV, and directly adds to the critical
, : path delay for the SRAM. The last column shows the excess
it heiohn gy | Tmvetter Chain Blement swing of the hitlines for the inverter chain case relative to
Process, | Bit | Max |tk 1B TMax | Siack | Relative the replica case as a percentage and represents the excess
Supply(V) [line |Bitline | (asfrac- | line | Bitline | (as frac- | Max Bit- bitline power for the former over the latter. The last two rows
et e e Bt o B g Show the performance afL0% of the nominal supply of 1.2
au. V under typical conditions. Considering all of the rows of
TTH, 12 [128 |136 167 139|158 224 16.4 the table, we note that the slack time for the replica case is
FF3 12 | 11a 133 0.64 181 | 187 42 41 within 2.4 gate delays, while that of the inverter case goes
§s3, 1.2 |13s |38 237 126|147 1.63 6 up to 5.25 gate delays, indicating that the latter approach
SF3,12 |97 102 03 101|110 0 7 will lead to a speed specification which is at least 3 gate
FS3,12 |167 | 176 217 240 | 251 525 3 delays slower than the former. The bitline power overhead in
TTH, 108 | 121|127 155 s | 134 0.93 56 the inverter-based approach can be up to 40% more than the
TTH, 132 | 135 | 145 172 7z 187 v 30 replica-based approach. If we were to consider only correlated

threshold fluctuations for the nMOS and the pMQOS, then the
delay spread for both of the approaches is lower by one gate
and the delay to the senseclock fiSplica + fschain delay. delay, but the relative performance difference still exists. The
If #iictine €QUAISEeplica @NA EBenain €QUAISEsclmin, then the main reason for the variation in the slack time for the replica
sense clock fires exactly when the minimum bitline swing@Proach is the mismatch in the delays of the buffer chains
have developed. across the operating conditions. This comes about mainly due
We next look at two design examples, one for a block ¢@ the variation of the falling edge rate of the replica bitline.
256 rows and 64 columns, and the other for a block with 88 the case of the inverter-based design, the spread in slack
rows and 32 columns. The number of rows in these blockstigie comes about due to the lack of tracking between the
typical of large and small SRAM's, respectively. For eachitline delay and the inverter chain delay, as discussed in the
block, the replica-based implementation is compared to &arlier section. To study the scalability of the replica technique,
inverter-chain-based one. Table | summarizes the simula@@signs for a 64-row block are compared in Table II. The small
performance of the 256 block design over various proceBiline delay for short bitlines is easy to match even with
corners. Five process corners are considered along with a 18%inverter chain delay element, and there is only a slight
supply voltage variation at tHEZ" corner. The delay elementsadvantage for the replica design in terms of delay spread,
are designed to yield a bitline swing of around 100 mV whewhile there is not much difference in the maximum bitline
the sense clock fires, under all conditions, with the weakeswings. The maximum bitline swings are considerably larger
corner being thes F'3 corner with slow nMOS and fast pMOSthan the previous case, mainly due to the smaller bitline
(since the memory cell is weak and inverters are relativepapacitance.
faster). For each type of delay element, the table provides theThis technique can be modified for clocked current mirror
bitine swing when the sense clock fires and the maximusense amplifiers, where the exact time of arrival of the sense
bitine swing after the wordline is shut off. An additionalclock is not critical as long as it arrives sufficiently ahead to
column notes the “slack” time of the sense clock with respeset up the amplifiers in the high-gain stage by the time the
to an ideal sense clock as a fraction of a fan-out of 4 gabdline signal starts developing. Delaying the sense clock to
delay. This time indicates the time lost in the turning ON dfe as late as safely possible minimizes the amplifier static
the sense amp compared to an ideal sense clock generptawer dissipation. This can be achieved in the above scheme
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Fig. 8. Current-ratio-based replica structure.

by merely trimming the delay of th& chain with respect to Replica column
the B chain to ensure that the sense clock turns on a fixed
number of gate delays before the bitlines differentiate.

weak

IV. FEEDBACK BASED ON CELL-CURRENT RATIOING

While the above technique works well, it can be modifieddl:: 4E— :ZHD_
further to improve the access time. If the reset timing signal fo
the wordline can be generated locally, then the wordline drivef ™ |,
can be skewed to speed up the propagation of the rising blogk
select transition, reducing the access time, with the fallingg_““_i m ﬁl
wordline transition being triggered off the local reset signal, > I
similar to the postcharge gates discussed in [24].

An extra row and column containing replica memory cells Replica bitline
can be used to provide local resetting timing information
for the wordline drivers. The extra row contains memorfd- 9. Skewed wordline driver.
cells whose pMOS devices are eliminated to act as current
sources, with currents equal to that of an accessed memoryrhe local wordline drivers are skewed to speed up the
cell (Fig. 8). All of their outputs are tied together, and theyising transition, and they are reset by the replica bitline as
simultaneously discharge the replica bitline. This enablesshown in Fig. 9. The replica bitline signal is forwarded into
multiple of memory cell current to discharge the replica bitlinghe wordline driver through the dummy cell access transistor
The current sources are activated by the replica wordling/«. This occurs only in the activated row since the access
which is turned on during each access of the block. The replitansistor of the dummy cell is controlled by the row wordline
bitline is identical in structure to the main bitlines, with dummyw!, minimizing the impact of the extra loading &f1 on the
memory cells providing the same amount of drain parasitieplica bitline. The forward path of the wordline driver can
loading as the regular cells. By connectingcurrent sources be optimized for speed, independent of the resetting of the
to the replica bitline, the replica bitline slew rate can be madi#ock-select or global wordline by skewing the transistor sizes.
to ben times that of the main bitline slew rate, achieving the The control circuits to activate the replica bitline and the
same effect as bitline capacitance ratioing described earliesense clock are shown in Fig. 10. The dummy wordline driver

Dummy cell
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Fig. 11. Layout of a block with replica cell and column.
Block decoder
Fig. 10. Control circuits for current-ratio-based replica structure. The power dissipation overhead of this approach is the
switching power for the replica bitline which has the same
TABLE Il capacitance as the main bitline. The power overhead becomes
BLOCK PARAMETERS: 256 Fows, 64 (DLUMNS small for large access width SRAM's. The area overhead
Replica Delay Flement (rep- consists of one extra column and row, and the extra area
lica current sources = 8) required for the layout of the skewed local wordline drivers.

Process, Bit- Max tSlack

Supply(V) | line Bitline | (as frac-
Swing | Swing tion of

(mV) | (mV) | foddel)
TTH, 1.2 | 120 155 12 A. SRAM Test Chip with Replica Feedback
Based on Capacitance Ratioing

V. MEASURED RESULTS

FF3,12 | 106 170 0.3
$s3.12  |12a | 155 15 The replica feedback technique based on capacitive ratioing
s 12 o = o5 was implemented in a 1.2m process as p_art of a 2K<.

- i 32 SRAM [25]. The SRAM array was partitioned into eight
F$3,12 144|155 1.53 blocks, each with 256 rows and 32 columns. Making the
TTH, 1.08 | 115 144 1.1 block width equal to the access width ensures that the bitline
TTH, 132 | 124 172 12 power is minimized since only the desired number of bitline

columns swing in any access. Two extra columns near the
wordline drivers and two extra rows near the sense amps are
is activated by the unbuffered block selefti. The replica provided for each block, with the replica column being the
bitline is detected by'1, and buffered to drive the sense cloclsecond one from the wordline drivers and the replica cell being
signal. If the delay of the replica bitline is matched with théhe second cell in the column (Fig. 11). The extra row and
bitline delay and the delay af'1, S2, S3 is made equal to column surrounding the replica cell contain dummy cells for
B1, B2, then the sense clock fires when the bitline swing i{gadding purposes, so that the replica cell does not suffer from
the desired amount. Also, if the delay 8fl, B2 is equal to any processing variations at the array edge. The bitlines in
the delay of generatingn (Fig. 9) from the replica bitline, the replica column are cut at a height of 26 rows, yielding
then the wordline pulsewidth will be the minimum needed capacitance for the replica bitline which is one-tenth that
to generate the required bitline swing. The performance fof the main bitline. Further control for the replica delay is
a 256-row block with 64 columns implementing this replic@rovided for testing purposes by utilizing part of the replica
technique is summarized in Table Ill. The slack in activatingtructure above the cut to provide an adjustable current source.
the sense clock is less than 1.5 gate delays, and the maxinilinis consists of a pMOS transistor whose drain is tied to the
bitline swing is within 170 mV. When compared with thereplica bitline and whose gate is controlled from outside the
implementation based on capacitance ratioing discussedbiock. Since the replica bitline runs only part way along the
the previous section, this design is faster by about twoelumn, the bitline wiring track in the rest of the column can
thirds of a gate delay due to the skewing of the wordlinkee used for running the gate control for this transistor. By
driver. varying the gate voltage, we can subtract from the replica cell
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_ access width requires that all of this peripheral circuitry be
E >o——‘ [l laid out in a bit pitch. The precharge and write control are
locally derived from the block select, write enable, and the
@ replica feedback signals.
An 8- to 256-row decoder is implemented in three stages

of two-input AND gates. The transistor sizes in the gates are
skewed to favor one transition as described in [24] to speed
up the clock to wordline rising delay. The input and output
signals for the gates are in the form of pulses. In that design,
pulldown current, thus slowing the replica delay element the gates are activated by only one edge of the input pulse, and
needed. The inverter$l, S2, and F'1 (Fig. 6) are laid close the resetting is done by a chain of inverters to create a pulse
to the replica cell and to each other to minimize wire loadingt the output. While this approach can lead to a cycle time
Clocked voltage sense amplifiers, precharge devices dagter than the access time, careful attention has to be paid to
write buffers are all laid on one side of the block as shown nsure sufficient overlap of pulses under all conditions. This
Fig. 12. Since the bitline swings during a read are significantiy not a problem for pulses within the row decoder as all of
less than that for writes, the precharge devices are partitiortbe internal convergent paths are symmetric. But for the local
in two different groups, with one activated after every acceserdline driver inputs, the global wordlines (the outputs of
and the other activated only after a write, to reduce power ihe row decoder) and the block select signal (output of the
driving the precharge signal. Having the block width equal tolock decoder) converge from two different paths. To ensure

Fig. 13. Pulsed global wordline driver.
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_ﬁ\ TABLE IV
- B q‘h } h E h- l‘ Il III ,,f J ir .'"r ‘: MEASUREMENT DATA FOR THE 1.2-4m PROTOTYPE CHIP
g I : — k=1 AlO™ Al ABF
- g ———— . - ‘n- Supply (V) (%) (%) (%) Tacc(nS) Power (mW)
Ly = 1.5 16 17 16 60.0 2.88@10MHz
i | J. 2.5 12 16 12 21.1 31.1@37MHz
] 3 35 11 19 11 12.8 10S@40MHz
— 1)
— e ‘ . : :
- L
. W
- | o ~ / Write Data s
(@]
- - £ ,| ReadData
1 =
= L o w
3
B
- @
= [ © 1°r
. (&4
- __ I
" : ] ey
v - ol il i, . . . ‘ ‘ ]
1 i1 & i b [ [
Lalid = 0 20 40 60 80 100
| 22227987 LiR RRAR

Time (nS)
Fig. 16. Die photo of a 1.2#m prototype chip.
Fig. 18. On-chip probed databus waveforms.
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Fig. 17. On-chip probed bitline waveform. E S
N
sufficient margins for their overlap, the global wordline signal _,r: i i
is prolonged by the modifying the global wordline driver ke
as shown in Fig. 13. Here, the reset signal is generated by / N ) i

ANDing the gate’s output and one of the address inputs to

increase the output pulsewidth. Clearly, for the gate to ha¥®- 19. Die photo of a prototype chip in 0.26n technology.

any speed advantage over a static gate, the extra loading of

the inverter on one of the inputs must be negligibly smaftius. The voltage swings for reads and writes are limited

compared to the pMOS devices in a full NAND gate. They using a pulsing technique similar to that described in

input pulses to the row decoder are created from level addr&ection IV. During reads, the bitline data are amplified by

inputs by a “chopper” circuit shown in Fig. 14, which couldhe sense amps and transferred onto the local data bus through

potentially be merged with a 2-bit decode function. devicesM1 and M2 (see Fig. 12). The swing on the local data
The data bus in the SRAM, which connects the blocks to theis is limited by pulsing the sense clock. The sense clock

IO ports, is implemented as a low-swing, shared differentipllse width is set by a delay element consisting of stacked
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Fig. 20. Architecture of the 0.2Bm prototype SRAM.

pulldown devices connected to a global line which mimicB. SRAM Test Chip with Replica Feedback
the capacitance of the databus. The data bus mimic line aBased on Cell-Current Ratioing

serves as a timing signal for the global sense amps at the eng cell-current ratioing-based replica technique was imple-

of the data bus, and has the same capacitance as that ofnt1 Qted in a O 35:m (0.25um drawn gate length) process

worst case data bit. The global SENse amps, write drivers, E{w Texas Instruments. A 2-kbyte RAM is partitioned into
the data bus precharge are shown in Fig. 15. The same 8 blocks of 256 rows by 32 columns. Two extra rows are

is also used to communicate the write data from the 10 port

to the memory blocks during writes. The write data are gatg§ded to the top of each block, with the topmost row serving

with a pulse, whose width is controlled to create low swing‘:lsS ? padc:;ng for the array and the next row containing the
on the databus. The low-swing write data are then ampliﬁe%p ca Cevs. . .
by the write amplifiers in the selected block and driven onto The protot_ype chip (Fig. 19). has two blocks, eac_h 2.56
the bitlines (Fig. 12). royvs x 32 bits, to form a 8-kbit _mempry. The premise in
Fig. 16 displays the die photo of the chip. Only two bIockg1IS c_h|p was that the delay r(_alatlonsh|p b(_atwee_n the global
are implemented in the prototype chip to reduce the tedyordline and the block sele_q is u_nknown, i.e., either one of
chip die area, but extra wire loading on some of the globH]éM could be the late arriving signal, and hence the local
wordlines and 10 lines is provided to emulate the loading ifordline could be triggered by either. This implies that the
a full SRAM chip. Accesses to these rows and bits are uskgPlica bitline path too needs to be activated by either the
to measure the power and speed. The bitline waveforms wéfga block select or a replica of the global wordline. The
probed for different supply voltages to measure the bitif&Plica of the global wordline is created by mirroring the
swing. Fig. 17 displays the on-chip measured waveform ofG4itical path of the row decoders as shown in Fig. 20. This
bitline pair at 3.5 V supply. The bitline swings are limitednvolves creating replica predecoders, global word drivers,
to be about 11% of the supply at 3.5 V. Table IV gives théeplica predecode, and global wordlines with loading identical
measured speed, power, bitline swing and 10 line swing f& the main predecode and global wordlines [26]. The replica
the chip at three different supply voltages of 1.5, 2.5, and 3#obal wordline and the block select signal in each block
V. The on-chip probed waveforms for the databus are sho@gnerate the replica wordline which discharges the replica
in Fig. 18 for a consecutive read and write operation. The I0tline as described in the previous section. Thus, the delay
bus swings for writes are limited to 11% of the supply at 3.6om the address inputs to the bitline is mirrored in the delay
V, but are 19% of the supply for reads. The rather large re&al the replica bitlines. But the additional delay of buffering
swings are due to improper matching of the sense-amp mintiigs replica bitline to generate the sense-amp signal cannot
circuit with the read sense amps. be cancelled in this approach. Hence, the only alternative to
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Fig. 21. Modified global wordline driver.

Supply (V) | Tcye Power
1.0 6.6nS 3.64mW
0.75 14.1nS 0.99mW
0.5 138nS 50uW
045 350nS 17.15uW
04 1020nS 5.24uW
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16 kbytes will dissipate 7 mW at 150 MHz at 1 V and 10.4
uWw at 980 kHz at 0.4 V.

VI. SUMMARY

We presented a replica-based delay circuit which is used to
generate the sense clock and control wordline pulse widths to
limit bitline swings in low-power SRAM’s. The circuit helps
to minimize the variations in the speed and power of SRAM’s
across varying operating conditions, and is especially suitable
for SRAM’s with large bitline loads. Two flavors of the circuit,
one which uses bitline capacitance ratioing and the other which
uses cell current ratioing, were discussed. The former yields an
implementation with the smallest area overhead and no other
changes required in the rest of the SRAM circuitry. The latter
allows for implementing skewed wordline driver designs to
achieve a slightly faster operation. Prototype chips in 1.2 and
0.35 m with both of the implementations were measured to
have a wide operating range, with deep subvolt operation for
the 0.35xm implementation.
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minimize this overhead in our prototype was to distribute the
replica bitline structure throughout the array. The test chipi]
has one replica bitline structure per eight bitline columns
with just one sense clock buffer stage (Fig. 20). The larg
swing replica bitline is shielded from the low swing bitlines [3]
by cell ground lines running parallel to it. The coupling is 4
further reduced by twisting the bitlines. The row decoder is
implemented in the postcharge style for high speeds. The
global wordline drivers shown are modified from Fig. 13
to have two fewer transistors and yet achieve the same
functionality of ensuring a fast rising edge with a long pulse

: (6]
at the output (Fig. 21).

Table V shows the measured results for the chip. The
test chip operates down to 0.4 V at 980 kHz and p\& 7l
dissipation. At 1V, the chip was measured to dissipate 3.6 mW
at 150 MHz. In an SRAM, except for the bitlines and the sense
amps, all of the other circuits are completely digital and henct!
are expected to have a large operating range. The use of latch-
type sense amps (Fig. 3) coupled with replica-based generatith
of their sense clock allows for the wide operating range for
the whole SRAM path, as we observe in the table. The replica
predecode structure was simulated to consume 15% of (A&
total power in the test chip, and the replica bitline paths (four
per block) were simulated to consume 9% of the chip powdt1]
By putting the constraint that the block select cannot arrive
earlier than the global wordline, the replica decode path ang
the multiple replica bitline paths can be eliminated to achieve a
savings of 20% in power dissipation. Extrapolating from test”)
chip measurements, we estimate that a typical cache RAM of

2]
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